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Abstrakt: Dizertačná práca je zameraná na štúdium vplyvu termomechanického
spracovania pomocou zápustky ECAP na mikroštruktúru, mechanické vlastnosti a
korózne vlastnosti. Tento vplyv bol skúmaný na extrudovaných horčíkových
zliatinách AE21, AE42 a LAE442, ktoré boli vybrané kvôli ich potenciálnemu
použitiu v medicíne. Vývoj mikroštruktúry bol podrobne charakterizovaný
skenovacou elektrónovou mikroskopiou, vrátane detekcie spätne odrazených
elektrónov, transmisnou elektónovou mikroskopiou a pozitrónovou anihilačnou
spektroskopiou. Vývoj mechanických vlastností bol charakterizovaný ťahovými
a tlakovými deformačnými skúškami a meraní mikrotvrdosti. Korózna odolnosť bola
charakterizovaná lineárnou polarizačnou metódou.
Termomechanickým spracovaním bola dosiahnutá jemnozrnná štruktúra
s hranicami s vysokou uhlovou misorientáciou. Priemerná konečná veľkosť zrna bola
~1.5 µm u všetkých troch zliatin. Spracovanie viedlo taktiež k výraznej zmene
textúry danej parametrami pretlačovacieho kanálu. Mechanické vlastnosti boli silne
ovplyvnené výslednou mikroštruktúrou (veľkosťou zrna a textúrou). Bol pozorovaný
silný pokles medze pevnosti v zliatine AE21 a AE42 v dôsledku vývoja textúry, aj
napriek výraznému zjemneniu zrna. Vývoj textúry v zliatine LAE442 nebol tak
výrazný, a preto k poklesu medze pevnosti nedošlo. Vplyv textúry nebol pozorovaný
u mikrotvrdosti, kde bolo zistené že vplyv veľkosti zrna na mechanické vlastnosti
zodpovedá vzťahu Hall-Petch v prípade všetkých troch zliatin. Navyše v
zliatine LAE442 bol pozorovaný výrazný vplyv zvýšenej hustoty dislokácií na
spevnenie. Vplyv spracovania pomocou zápustky ECAP nemal skoro žiadny vplyv
na koróznu odolnosť zliatiny AE21, avšak zvýšenie koróznej odolnosti bolo
pozorované v zliatinách AE42 a LAE442. Za najväčší vplyv na zvýšenú koróznu
odolnosť je považovaná lepšia distribúcie hliníka v matrici.
Kľúčové slová: horčík, ECAP, textúra, mechanické vlastnosti, korózia
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Abstract: Doctoral thesis is focused on the effect of thermomechanical processing
through ECAP on the microstructure, mechanical properties and corrosion properties.
The investigation was performed on the extruded magnesium alloys AE21, AE42
and LAE442, because their potential for medical applications. Microstructure
development was characterized in detail by scanning electron microscopy together
with detection of back scattered electros, transmission electron microscopy and
positron annihilation spectroscopy. Development of mechanical properties was
investigated by tensile and compression deformation tests and microhardness
measurement. Corrosion resistance was investigated by linear polarization method.
Fine-grain structure with grain boundaries with high angle misorientation was
achieved by the thermomechanical processing. The resulting average grain size was
~1.5 µm in all three alloys. Processing also led to significant change of texture,
defined by channel parameters. Mechanical properties were substantially affected by
resulting microstructure (grain size and texture). Pronounced decrease of yield
strength due to texture evolution was measured in AE21 and AE42 alloy despite
significant grain refinement. Texture evolution in LAE442 alloy was not so
pronounced and therefore decrease of yield strength was not measured. Dependence
of microhardness on grain size followed Hall-Petch relation. Moreover, in LAE442 a
significant effect of dislocation density on hardening was found. Processing through
ECAP had almost no effect on the corrosion properties of AE21 alloy; however
increase of corrosion resistance in AE42 and LAE442 alloys was measured. It is
considered that better spatial distribution of alloying elements in the matrix had
major influence on the increase of corrosion resistance in these two alloys.
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1. Background and literature
1.1

Magnesium
Magnesium (Mg) is a chemical element with an atomic number 12. It is the

eighth most common element in the Earth’s crust and the third most abundant
element in seawater [1, 2]. Its common oxidation number is +2 and it is highly
soluble in water. Pure metal is not found naturally due to its high reactivity (always
in the Mg+2 form, largely in minerals).
The first isolation of pure magnesium was done English chemist Humphry
Davy in 1808 from melted magnesium oxide (MgO) by electrolysis [3]. Today,
China is the most dominant supplier (~77 % of the world market share). The most
commercially robust form of magnesium production that is being used on a larger
scale is thermal reduction by the Pidgeon process. The process involves calcination
of dolomite (CaMg(CO3)2) by heating to remove carbon (in form of CO2) leaving
behind oxides of magnesium and calcium. The calcined dolomite is then mixed with
ferrosilicon (a reducing agent) and heated under a vacuum to the extent that the
magnesium oxide is reduced to a magnesium vapor (while the oxygen forms a solid
compound with the silicon). The magnesium vapor is then captured and cooled to
solid crude magnesium, which is then smelted to produce high purity magnesium
ingots. The remaining large magnesium production plants in the world outside China
use electrolytic processes of fused magnesium chloride (MgCl2) from brines, wells,
and sea water [4].
Pure magnesium crystalizes under atmospheric pressure in a hexagonal close
packed (HCP) structure (Fig. 1a)). The lattice parameters of pure magnesium at
25 °C are a = 0.32092 nm and c = 0.52105 nm. The c/a ratio is therefore 1.6236,
making magnesium nearly perfectly close packed (c/a = 1.633) [5, 6]. The density of
the pure magnesium at 20 °C is 1.738 g/cm3, the standard atomic weight is 24.305
and the melting point under atmospheric pressure is 650 ± 1 °C [7].
Deformation of magnesium involves primary and secondary slip and
twinning, due to the limited number of slip planes. Primary slip occurs on the
(

) basal plane and in the 〈

̅ 〉 most closely packed direction of the plane

(basal slip); secondary slip occurs in the 〈

̅ 〉 direction on the {

̅ } vertical face
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planes (prismatic slip). At elevated temperatures, slip also occurs in the 〈
direction on the {

̅ } pyramidal planes [8–12]. At room temperature, primary

twinning occurs across the {
{

̅ 〉

̅ } planes; secondary twinning occurs across the

̅ } planes. At elevated temperatures twinning also occurs across the {

̅ }

planes [10, 13]. Atomic positions in HCP lattice, principal planes and directions are
shown in Fig. 1.

a)

b)

c)

d)

Fig. 1: The magnesium unit cell crystal. a) Atomic positions. b) Basal plane, face plane and principal
planes of the [ ̅

] zone. c) Principal planes of the [ ̅

] zone. d) Principal directions. [14]
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1.2

Magnesium alloys
Magnesium, as the lightest structural metal available, became very attractive

during last decades. This interest is growing due to the increasing demand for the
weight reduction in the automotive industry and thereby fuel consumption reduction.
Magnesium and magnesium alloys exhibit several superior attributes such as high
specific strength, castability suitable for high pressure die-casting, ability to be
turned/milled at high speed, good weldability under controlled atmosphere and they
are readily available. However, there are several attributes that still cause limited use
of magnesium and its alloys. The main disadvantages are low elastic modulus,
limited cold working and toughness, limited strength and creep resistance at elevated
temperatures, high degree of shrinkage on solidification, high chemical reactivity and
limited corrosion resistance [15]. Intensive work on reducing the negative effect of
these drawbacks and promoting positive attributes led to development of several
groups of alloys used in daily practice. The alloy development can be divided into
several groups:
a) Specific strength increase
b) Ductility improvement, density reduction
c) Creep resistance improvement
e) Corrosion resistance improvement
In order to name magnesium alloys, a globally used designation method is available.
The first letters indicate the principal alloying elements and are followed by numbers
which represent the elements in wt. % rounded to the nearest whole number.
The most widely used alloying element is aluminum (A) due to several
positive effects. Aluminum increases strength, hardness and castability but higher
amounts decrease ductility [16]. Moreover, aluminum forms intermetallic particles
with many other alloying elements in the magnesium matrix, affecting its strength,
ductility, creep resistance, corrosion resistance, etc. Magnesium alloys containing
aluminum are present in all of the aforementioned groups.
a) Specific strength increase: In this category, the most popular magnesium alloys
are the so-called AZ and AM type alloys, where the main elements besides
magnesium and aluminum are zinc (Z) and manganese (M). AM type alloys are
3

preferably used for die-casting applications, while AZ type alloys are typical for
wrought applications. Their success is based on an excellent combination of
mechanical strength, workability, castability and ductility [17].
b) Ductility improvement, density reduction: Magnesium alloys with lithium (L)
addition benefit from increased ductility and moreover even lower density [18].
Other elements increasing ductility of magnesium alloys are tin (T) and lead (P) [19].
c) Creep resistance improvement: Magnesium alloys containing thorium (H) had
highest service temperature of 350 °C, but due to the radioactivity their use is limited
only to special applications [20]. Usual creep resistant magnesium alloys contain
aluminum with rare earths (E) and/or calcium (X). Even better performance was
found in Mg-Al alloys containing strontium (J) [21].
e) Corrosion resistance improvement: This group is discussed in more detail in the
chapter 1.4.
The presented categories are not strict and boundaries between them are
rather vague. More complicated systems than binary alloys often overlap these
categories. It has to be mentioned that there is an unlimited number of other alloying
combinations with various elements. The other most common alloying elements are:
zirconium (K), silicon (S), yttrium (W), copper (C) and nickel (N). For more
information about the effects of each element on magnesium alloys properties see
[16].
Varying the alloying elements is just one method to improve properties of the
magnesium alloys. The others are special casting conditions, thermomechanical
processing and composites. This work is focused on thermomechanical processing by
extrusion and Equal Channel Angular Pressing of specific magnesium alloys.
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1.3

Mechanical properties of magnesium alloys
Mechanical properties of all alloys including magnesium alloys depend

strongly on the microstructure of the material. The microstructure is substantially
affected by alloying elements (formation of secondary intermetallic particles, solute
solution strengthening) and casting conditions but very often, consequent
thermomechanical processing has much higher impact. During this process, one
could control properties such as grain size, texture and total amount of strain energy
stored in the material. Today, there are many different processes used in daily
practice such as rolling, drawing, extrusion, etc.
In the last two decades, several researchers have presented that mechanical
properties of magnesium alloys could be considerably improved by achieving an
ultra-fine grain (UFG) structure [22, 23]. Over the last decade there has been a
notable increase of interest in material development in this area and in investigation
and characterization of UFG materials. The interest is stimulated mainly by their
unique microstructure and excellent mechanical properties, which predetermine these
materials for many construction applications. Their mechanical strength is often 2-3
times higher than the strength of materials with large grains (d > 50m), with the
same or better workability after additional grain refinement. Nowadays there are
many new technologies of UFG materials preparation such as Equal Channel
Angular Pressing (ECAP) [24], high pressure torsion (HPT) [25], accumulative roll
bonding (ARB) [26], inert gas condensation [27] and high energy ball milling [28].
ECAP, first reported by Segal [24], belongs to the most popular preparation methods
of the bulk UFG materials.

1.3.1

Grain boundary strengthening
Mechanical strength of metallic materials at the room temperature depends on

the mobility of dislocations. The more easily the dislocations can spread through the
material; the less stress needs to be applied to deform it. Propagation of dislocations
is limited by pinning points that hinder the dislocation movement, and therefore,
greater force needs to be applied to overcome the barrier. The most usual pinning
points are point defects, alloying elements, second phase precipitates and grain
5

boundaries. In polycrystalline metals, grain boundaries take significant part in
strengthening the material. As mentioned above, grain boundaries limit the motion
of dislocations due to the fact that the dislocations have to change direction when
entering adjacent grains and also because grain boundaries are much more disordered
than grains interiors. When metal is deformed, existing dislocations and new
dislocations start to move until they reach grain boundary. At this point, a pile-up is
created at the grain boundary and all dislocations affect with their stress fields the
dislocation nearest to the grain boundary, so it is forced to cross into the next grain
by external stress and the stress from the surrounding dislocations. When grain
structure refines, fewer dislocations occur in grains, and therefore, a greater amount
of external stress needs to be applied to compensate stress field from fewer
dislocations. The dependence of mechanical strength on the grain size of
polycrystalline metals is described by the Hall-Petch equation given by (1), where 0
is the friction stress in the absence of grain boundaries, k is a constant and d is the
grain size [29, 30].
(1)

√

If there were no limitations, mechanical strength would rise to infinity with
decreasing grain size. But it is observed that at a certain critical value of the grain
size, metal softening occurs. It is called the inverse Hall-Petch relation and although
this phenomenon is not fully explained yet, there are numerous studies shedding light
on this problem [31–34].

1.3.2

Effects of texture on mechanical properties
Magnesium has a variety of potential deformation mechanisms, such as basal

slip, prismatic slip, pyramidal slip and twinning. Studies on the deformation of a
single crystal showed that the critical resolved shear stress (CRSS) for prismatic and
pyramidal slips is ~100 times higher than for the basal slip at the room temperature
[35]. From the geometric point of view, the activation of a particular slip system is
given by the Schmid’s law (2).
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( )

(2)

( )

(3)
Schmid factor (m) is given as (3), where
of applied force and slip plane and

( )

represents the angle between the direction

represents the angle between applied force and

slip direction, see Fig. 2 [36].

χ
λ

Fig. 2: Slip plane and slip direction

Fig. 3 gives the results of tests carried out to determine the influence of
orientation on the yield point of magnesium basal plane. The theoretical curve was
calculated according to (2). The angle differences are very significant, with “soft
orientation” with a slip plane of 45° to the tensile axis and “hard orientation” with a
slip plane ~90 ° to the tensile axis [36]. Schmid factor variations as a function of
orientation calculated for other magnesium slip planes and twinning is described
elsewhere [37].
In a polycrystalline material, the orientation of individual grains could be
random and anisotropy of the single crystal deformation is suppressed. However,
when non-random texture is present in the material, the anisotropy of mechanical
properties of the single crystal is passed to the polycrystalline material. The degree of
anisotropy is given by how strong the texture is. Therefore in the magnesium
polycrystal the crystallographic texture plays an important role for plastic
deformation.

7

Fig. 3: The yield point of magnesium basal plane as a function of orientation [36].

A typical texture is formed when magnesium and magnesium alloys are
thermomechanically processed. Formation of the basal texture during the rolling
process is observed with basal planes oriented parallel to the rolling direction and
also the transverse direction. After the extrusion, the fiber texture is formed in
magnesium alloys with basal planes oriented parallel to the extrusion direction. The
anisotropy of the resulting mechanical properties is discussed in many papers, e.g.
[38, 39].
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1.4

The corrosion resistance of magnesium alloys
Pure magnesium is not found in nature due to its reactivity. A lot of energy is

introduced to the material to prepare a pure form of magnesium and the corrosion
process is in principle a return of the material to its natural form. Nowadays, the use
of magnesium in the automotive industry is experiencing a huge upswing as it is the
lightest structural metal. However, the use of magnesium alloys is limited due to the
poor corrosion resistance compared to aluminum, the most widespread light metal.
The magnesium standard potential (-2.375 V) is the lowest of all structural metals
[40]. The use of magnesium in a conductive contact with other metals is therefore
problematic. Galvanic corrosion on the interface accelerates the degradation process
in an aggressive media even further. The dissolution of magnesium in a water
solution follows the equations (4).
→
(4)

→
(

)

A lot of work has been done to enhance the corrosion resistance of
magnesium alloys, mostly by alloying elements and thermomechanical treatment.
Today, the corrosion resistance of magnesium alloys is not sufficient for many
applications. However, the following chapters illustrate the effect of different
approaches to this issue.

1.4.1

What affects the corrosion resistance of magnesium alloys?
The following diagram (Fig. 4) roughly represents the main attributes that

affect the final corrosion of the magnesium alloys. The first group is colored blue and
represents the given application (solution composition). The next group is colored
green and represents material properties that can be altered by thermomechanical
processing. The last group (orange) represents an interstage between the first two
groups. The nobility of the secondary phases is given, as the alloying elements are
given for a specific alloy, but the size and distribution are affected by the casting
9

conditions and final thermomechanical processing. In the next chapters, these
categories are discussed except the solution composition.

grain size

internal
stress

texture

corrosion
resistance
dislocation
density

solution
composition

secondary
phases
(size,
distribution,
nobility)

alloying
elements

Fig. 4: Diagram representing the main attributes affecting final corrosion resistance of the magnesium
alloys.

1.4.1.1 Alloying elements, secondary particles (size, distribution, nobility)
As mentioned before, pure magnesium exhibits several undesirable properties
that are partially suppressed by alloying elements in magnesium alloys. After
exceeding the solubility limit, secondary phases occurs in the magnesium matrix.
This is, in many cases, the desired phenomenon that positively affects e.g. strength,
creep resistance, etc. However, when secondary particles are created in the
magnesium -matrix and are noble relatively to the matrix, the corrosion process
may be promoted due to local microgalvanic corrosion. The alloying elements Fe,
10

Ni, Co and Cu are typical examples because of their low solid-solubility limits in the
matrix and creating such cathodic sites [41, 42]. On the other hand, a beneficial
effect of increased aluminum concentration on corrosion resistance was reported in
Mg-Al alloys [43, 44]. The dissolution during the corrosion attack favors aluminum
enrichment on the metallic surface and allows the formation of semi-protective
Al-rich oxide layer which improves the corrosion resistance of the alloy.
The beneficial effect of aluminum is limited only to the vicinity of the
secondary phases, and therefore the morphology of these phases in the magnesium
matrix is important to the overall corrosion resistance. It was reported that even
though AZ91D contained a higher amount of aluminum in the alloy compared to
AZ80, the higher aluminum contents in the solid solution in AZ80 (due to the chill
casting) resulted in a higher overall corrosion resistance [44]. Similar results were
found in AZ91 with addition of Ca and RE. In the resulting alloy Al4RE phases and
reticular Al2Ca phases were formed among the grain boundaries, which caused a
decrease of the corrosion rate by one order of magnitude [45]. There are other reports
of the beneficial effect of redistribution of aluminum in the magnesium matrix on the
overall corrosion resistance e.g. [46]
The other example is zirconium. It has been found, that zirconium as a grain
refiner, added to magnesium alloys, creates Zr-rich areas inside of the grains that
show higher corrosion resistance when compared to Zr-depleted areas [47–49].
Moreover it was observed that a more robust oxide layer film was created on the
surface when fine distributions of zirconium particles was present [48, 50, 51].
However, there is also a report of promoted pitting corrosion in the vicinity of large
(~5 µm) zirconium particles [52]. Therefore, the control of zirconium particles sizes
is a critical microstructure feature controlling corrosion resistance.
Beside these two examples there are a lot of other types of secondary phase
particles affecting overall corrosion resistance. Nevertheless, there is a way to
estimate the effect of different potential, between the magnesium matrix and the
secondary phases, on the corrosion resistance using atomic force microscopy
equipped with Kelvin probe module. This method allows direct measurements of the
potential difference between the secondary phases and the matrix to identify potential
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microgalvanic sites. What is even more interesting is that the potential difference
between the grains and grain boundaries can be determined [53].

1.4.1.2 Dislocation density, twins and internal stress
Dislocation density, twins and residual internal stress are a direct
consequence of thermomechanical processing. While the crystal surface defects are a
potential initiation location for the corrosion process, dislocation density and twins
directly affect the severity of the initial corrosion attack. There are papers presenting
higher corrosion resistance after subsequent annealing [54, 55]. In [56] are shown
preliminary results suggesting that existence of twins accelerates corrosion process
are shown.
In the case of residual internal stress, there is a report of thermomechanical
processing of the ZE41A magnesium alloy by ECAP. A higher number of ECAP
passes resulted in a complete dynamic recrystallization connected with a decrease of
the internal residual stress and the intragranual dislocation density. This lowered the
likelihood of localized corrosion and corrosion layer cracking and therefore
contributed to the decrease of the overall corrosion rate [57].

1.4.1.3 Texture
The effect of the texture on the corrosion properties of magnesium alloys was
studied lately by several authors, e.g. [58–60]. It was shown that different surfaces
dominated by different crystal planes orientations cause very different corrosion
performance. The surfaces dominated by basal planes (
corrosion resistance than ones composed of {

̅ } and {

) showed much higher
̅ } prismatic planes.

This was also confirmed using a micro-corrosion cell where the adjacent grains with
different crystallographic orientation showed significantly different corrosion
potentials and corrosion rates [58]. The corrosion rate of many materials has been
correlated to the surface energy which scales inversely with atomic packing density
in the surface planes. Basal planes have the lowest surface energy in HCP metals and

12

therefore the basal texture in the magnesium alloys should provide higher corrosion
resistance than others [60].

1.4.1.4 Grain size
The effect of the grain size on corrosion resistance is nowadays studied on a
variety of pure metals and alloys including magnesium. In the area of pure
magnesium and magnesium alloys there are many articles discussing this
phenomenon, e.g. [61–63] and literature cited herein. However, the results are rather
non-conclusive as different methods of grain size control were used by different
authors. Grain refinement in materials is often performed by thermomechanical
pressing that could also alter some other previously mentioned properties of the
resulting microstructure as well and evolution of the corrosion resistance could be
governed by several attributes. Grain refinement associated with alternation of other
attributes is usually reported with a positive effect on corrosion resistance. There is
also a review paper suggesting a link between grain size and corrosion rate, but it
lacks better statistic [63].
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1.5
1.5.1

Thermomechanical processing
Extrusion
One of the most common methods to thermomechanically process

magnesium alloys is extrusion. This process is useful for creating profiles with fixed
cross-section. The material is pushed or drawn (direct/indirect extrusion) through a
die of the desired cross-section. During the process, the material only encounters
compression and shear stresses, and therefore also brittle materials could be
extruded. The important factors for extrusion are the temperature, the extrusion rate
and the extrusion ratio.
According to the extrusion temperature, the extrusion can be cold, warm or
hot. Cold extrusion is done at or near the room temperature (RT). Warm extrusion is
performed in the temperature range from near RT to under recrystallization
temperature. Hot extrusion is done above the recrystallization temperature where
cold working no longer occurs. Magnesium alloys are extruded usually between
300-450 °C as the plasticity of magnesium and magnesium alloys is too low to be
processed at low temperatures. In [64], a review of different forming routes at
different temperatures is presented.
The extrusion rate is experimentally determined value and needs to be
optimized for each alloy separately. The extrusion rate significantly depends on the
extrusion temperature, higher temperatures allows higher extrusion rates. The highest
extrusion rate presented was 50 m/min, but “orange skin” effect occurs at this rate.
However, a good quality surface can be obtained at rates lower than 34 m/min [65,
66].
The extrusion ratio (ER) is defined as (5), where
and

is the initial cross-section

the final cross-section of the extruded billet.
(5)

Plastic deformation during the process leads to grain refinement and special texture
development. For magnesium alloys the final grain size could be in the range of
microns, but grains are often prolonged in the direction of the extrusion. During the
process the grains are fragmented, extended parallel to the extrusion axis and
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reoriented with basal planes parallel to the extrusion axis. A typical configuration for
direct extrusion is presented as Fig. 5, where the ingot (red) is pressed by a ram
(green) through the die (grey).

S1
S2

Fig. 5: The typical configuration for the direct extrusion processing.

1.5.2

ECAP
Equal Channel Angular Pressing is one of the most developed methods to

prepare bulk ultrafine-grain (UFG) materials. A bar shaped specimen is machined to
fit into a channel contained within a die and is pressed through the die using a
plunger. Shear deformation is introduced into the specimen because of the shape of
the channel which is generally bent at an angle equal or very close to 90 °. As the
cross-section of the specimen after pressing is unchanged, it can undergo repeated
pressing to obtain a high degree of strain [67]. ECAP is an attractive process because
it can be easily scaled up to prepare larger specimens [68]. Another benefit of the
ECAP process is the possibility to change the texture of the material. The 〈 〉 basal
slip and the {

̅ } twinning operate during the room temperature deformation of

magnesium alloys. The activation of other slip systems is quite difficult, but ECAP
can change the structure of the specimen, facilitating the non-basal slip, and thus
enhance the ductility [69]. A structure change due to/after ECAP processing highly
depends on the material, the strain introduced (number of routes), temperature, the
processing rate, route variations and other conditions. Despite a large number of
experiments there is no general rule to obtain optimal grain refinement or mechanical
properties improvement [70]. There has been also a two steps treatment system by
Horita, including initial extrusion and consequent ECAP processing. This process
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was specified as EX-ECAP and was successfully used in obtaining bulk UFG
microstructure in many materials. In several magnesium alloys, improved ductility or
even superplasticity was achieved [71, 72].
The typical device configuration for ECAP is presented as Fig. 6. The
plunger (green) press the billet (red) through the channel die of a defined cross
section and defined channel angles

and

grey. The angle

defines the

deviation from the sharp edge of the “outer corner”. Taking into account the purely
geometrical shape of the die, the strain induced after each pass was calculated as (6)
[73].
(6)

(

(

)

(
√

)

)

(7)
Since the same strain is accumulated during each pass through the die, the strain
induced after an N cycles is given by (7).



Fig. 6: The typical configuration for ECAP processing.

The characteristic parameters are channel configuration, the processing
temperature and ram speed. For a given channel configuration, the other two
parameters often need to be experimentally determined for each alloy. Moreover,
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during the ECAP process, a specific slip system is activated and different slip
systems are activated by rotating the billet around its longitudinal axis between each
pass. This leads to four basic processing routes. There is no rotation of the billet in
route A, rotations by 90 ° in alternate directions or the same direction in routes BA
and BC, respectively, and rotations by 180 ° in route C. When using a die with a
= 90 °, the route BC is generally the most expeditious way to

channel angle of

develop the UFG structure consisting of homogeneous and equiaxed grains with high
angle grain boundaries [74]. Fig. 7a) represents a graphical description of the types
of the routes and Fig. 7b) represents slip systems that are activated when a particular
route is used. Each of these four routes leads to a different microstructure
development [75, 76].

a)

b)
Fig. 7: Graphical description of a) types of routes [75], b) activated slip systems [76].
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The BC route with the

= 90 ° configuration is the most often used setup to

develop the UFG microstructure. In addition to grain refinement with the increasing
number of passes, a specific texture development occurs in the magnesium alloys, as
presented in [77]. The basal planes were inclined at 45 ° from the ECAP direction,
which caused a decrease of yield strength in the ECAP direction even though the
grain size was decreased to 800 nm. Moreover, positive effect of the SPD techniques,
especially ECAP, on the corrosion properties was recently reported in the AZ31 and
ZE41A magnesium alloys [57, 78]. Contrary to these results, there are papers
reporting that ECAP processing weaken the corrosion resistance with increasing
number of routes, e.g. [79]. The ideal example of such controversy are two papers,
both reporting evolution of the corrosion resistance of pure magnesium in NaCl
aqueous solution, where the first one reported an increase of the corrosion resistance
and the second one diminishing of the corrosion resistance, with the increasing
number of ECAP pressing [79, 80]. Anyway, the relation of the microstructure to the
corrosion properties is interdisciplinary and complicated problem which is not yet
solved.

1.6

Magnesium in the human body and medicine
Magnesium is one of the most important elements in the human body. It plays

a crucial physiological role in many bodily functions. Magnesium is essential for the
synthesis of nucleic acids and proteins, for intermediary metabolism and for specific
actions in different organs such as the neuromuscular and cardiovascular systems.
Over 300 enzymes are dependent on magnesium [81]. There is about 750 mg of
magnesium in the body when we are born and approximately 25-30 g when adult
[82–84]. In the body magnesium is mostly present in bones (60 %), of which 30 % is
exchangeable and serves as a reservoir for serum concentration. The rest is present in
skeletal muscles (20 %), other soft tissues (19 %) and extracellular fluid (<1 %). The
recommended daily allowance for magnesium in adults is 4.5 mg/kg/day [85]. The
intake depends on its concentration in drinking water and food composition. The
magnesium homeostasis is performed by kidneys which maintain the plasma
magnesium concentration. Under normal circumstances 95 % of plasma magnesium
is reabsorbed leaving the rest in the urine [85, 86]. Clinical signs of hypo- and
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hypermagnasaemia overlap and are rather non-specific. Early signs of magnesium
deficiency include loss of appetite, nausea, vomiting, fatigue and weakness. With
worse magnesium deficiency numbness, tingling, muscle contractions, cramps,
seizures, sudden changes in behavior and personality changes might occur [87]. On
the other hand, hypermagnesaemia might develop after excessive oral administration
of magnesium salts or magnesium containing drugs [88], in high doses of magnesium
supplementation [89], but mostly in advanced chronic kidney diseases [90], as
magnesium is filtered and reabsorbed by the kidneys.
In medicine, magnesium carbonate and sulfate are very often used as a
mineral supplement to prevent and treat magnesium deficiency. Magnesium
carbonate, sulfate and hydroxide forms have been used in medicine for centuries. It
was mainly used as a laxative resource. Beside this, the magnesium carbonate and
sulfate can be found today in a wide range of other medical applications. Calcium
carbonate/magnesium carbonate can be used as an antacid. Magnesium sulfate (also
known as Epsom salt) is used in medicine both internally and externally. It can be
used as bath salts but even as the first line antiarrhythmic agent for torsades de
pointes in cardiac unrest [91], to treat eclampsia and preeclampsia [92, 93], etc.
The first attempts to use magnesium as an implant material are dated 1878,
when the physician Edward C. Huse successfully used Mg wire ligature to stop
bleeding from vessels on three human patients [94]. The most influential pioneer was
the physician Erwin Payr whose versatile clinical applications and reports inspired
many other clinicians to advance in the field of biodegradable magnesium implants
[95]. For a full review of the history of magnesium biodegradable implants see [96].
However, this research was abandoned because of poor mechanical properties of
pure magnesium combined with rapid hydrogen evolution during implantation. The
idea of magnesium being the material for implants was resurrected in 2003, when
Heublein et al. presented successful results of biodegradable magnesium stents made
from the extruded AE21 alloy [97]. Since then, the research in magnesium based
biodegradable implants developed rapidly.
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2

Motivations and objectives
Magnesium alloys, being among the lightest structural materials are, thanks to

their excellent strength to weight ratio, very attractive as structural components.
Moreover, it was reported that their mechanical and even corrosion properties can be
substantially enhanced by thermomechanical processing through ECAP. At present
time, magnesium alloys are commonly used in the automotive industry with
increasing number of applications in aerospace industry, too. Therefore, optimization
of the microstructure is mostly focused on these types of alloys. However, another
interesting quality of magnesium is its biocompatibility and biodegradability, which
opens possibilities for biomedical applications. Of high interest are also the load
bearing bone implants due to both high strength and fracture toughness. In addition
to this, the elastic modulus is very close to the modulus of a bone. Alloys designed
for these applications must to have a suitable combination of superior mechanical
and corrosion properties. A lot of work has been done in this area (see the results in
[61, 98–107] and the literature cited therein) and now small volume implants and
magnesium stents have started to be tested in vivo [97, 104, 105, 108]. However, for
larger implants, particularly for load-bearing implants, desired to fix broken bones
(pins, screws etc.), the material is still unsatisfactory.
From the wide spectrum of the investigated alloys, the best results were
achieved in Mg-Al-RE(-Li) alloys [102, 106, 109], but the proper corrosion
resistance is not achieved yet. Moreover, thermomechanical processing of newly
designed alloys, particularly microstructure changes could substantially improve
final corrosion properties of the material. However, mechanical properties are also
significantly changed this way, which must be taken into consideration.
The novelty of this work lies in the introduction of severe plastic deformation
to magnesium alloys previously identified as having a potential for biomedicine,
particularly Mg-Al-RE(-Li) alloys. Until now, most of the research in this area was
focused on the development of new alloys. However, as mentioned, microstructure
changes due to the thermomechanical processing could also have a positive effect on
the final mechanical and corrosion properties of the potential alloys. The major
objectives of this work were:
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To prepare materials with different levels of induced strain, by different
number of passes through ECAP.



To investigate the effect of thermomechanical processing on the
microstructure, particularly on grain size and texture.



To investigate the relation between microstructure development after SPD
with mechanical and corrosion properties evolution.
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3

Suitable alloys
After Heublein et al. in 2003 successfully tested the AE21 coronary stent in

domestic pigs [97], the research in the field of magnesium bio-implants began to
develop significantly and new types of the alloys were needed. In this field of
application the superior properties were found in the magnesium alloys containing
rare earths. Today’s alloys with the top properties from the in vivo tests are WE43
and LAE442, containing yttrium and lithium [98–102, 110]. The alloy AE42 is a
commercially successful high temperature creep resistant alloy [111] and is
considered for future studies because it is an interstage between LAE442 and AE21.
The WE43 alloy was not investigated in this work as this work was focused on the
Al-RE-(Li) magnesium systems.

3.1

AE21 and AE42
AE type alloys (AE21, AE42) are well-known creep resistant alloys. Both

aluminum and rare earth additions increase mechanical properties and support grain
refinement [112]. Because of the price of pure rare earth metals and the fact that rare
earth elements are isostructural [113], the mischmetal of rare earths is used more
often. The mischmetal is collectively referred as RE. Aluminum with rare earth form
preferably Al-RE intermetallic phases such as Al11RE3, Al3RE and Al2RE. The
lamellar Al11RE3 phase, which dominates the interdendric microstructure, appears to
be critical the creep resistance below 150 °C. Above this temperature Al11RE3
diminishes in volume fraction, and concurrent formation of the Mg17Al12 phase takes
place, deteriorating creep resistance [114]. In the AE42 alloy (Mg-4Al-2RE, wt. %)
there are reports of Al12Mg17 eutectic phase presence after casting [111, 115], but
recent studies have shown that discontinuous precipitation of the Al12Mg17 ()
intermetallic at elevated temperatures is more likely responsible for deterioration of
the creep properties of fine grained Mg-Al alloys [21, 116]. The AE21 alloy
(Mg-2Al-1RE, wt. %) is rarely used when compared to other magnesium alloys. The
alloy has rather poor castability due to the narrow solidification temperature range
(~40 °C) combined with the fact that the last eutectic liquid to solidify occupies only
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a small volume [117]. These alloys were also reported as being suitably deformable
and corrosion resistant [118].

3.2

LAE442
Compared to the AE21 alloy, much better in-vivo corrosion resistance has

been reported for LAE alloys with addition of lithium [101]. As mention above,
magnesium is the lightest structural metal and lithium with a density of 0.534 g/cm3
is the only element that lowers the final density in magnesium alloys, even under
pure magnesium. The solubility of lithium in the magnesium matrix is limited till
5.5 wt. % where a HCP -Mg-Li phase occurs [119]. An increase in ductility is
observed in these types of alloys, which is caused by the decrease of the c/a ratio
through the substitution of Mg atoms by Li atoms. The reduction of atomic distance
causes a decrease in activation energy in the HCP crystal needed for prismatic
slipping, which already occurs at ambient temperatures. Increasing the lithium
content also leads to a change of the HCP structure to BCC, which substantially
increases ductility and further reduces density (up to 1.3 g/cm3) [18]. This makes the
addition of lithium very attractive for the automotive and aerospace industry. On the
other hand, the latest results showed the LAE442 (Mg-4Li-4Al-2RE, wt. %) alloy to
be the most suitable among all investigated alloys in the area of biodegradable
implants till now. In vivo tests revealed good corrosion resistance [98–102, 106, 120,
121], enhanced osteoblastic activity [101] and acceptable host response [99, 121].
The discussion about aluminum as a suitable alloying element for
magnesium-based biodegradable implants is still vital. There is a connection between
aluminum and Alzheimer’s disease, but the degradation rate of the implant is
necessarily very low and therefore the doses of aluminum should be negligible.
There are papers showing no negative effect of magnesium-based implants with
aluminum addition and even enhanced osteoblastic activity was reported when the
weight percentage of aluminum in the magnesium alloy was not exceeding 9 wt. %
[34, 54].
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4

Experimental methods

4.1

SEM
The used SEM microscope was FEI Quanta™ FX200 equipped with the field

emission gun (FEG), the EDAX EDX detector and the EDAX EBSD detector. The
scanning electron microscopy was used preferably for common microstructure
observations:


The composition of the secondary phases was observed by EDX and then
proved by diffraction pattern obtained by EBSD.



The distribution of the secondary phases was observed on the basis of
contrast created between areas of different composition in the secondary
electron signal (SE) and back scattered electron signal (BSE).



EBSD mapping.



Observation of fracture surfaces character.



Observation of corrosion products layers formation and element distribution
within the layer.
Almost all SEM observations needed samples of the high quality surface. The

samples were cut and embedded into epoxy resin at the room temperature. Carbon
powder was added to make the epoxy resin conductive. The investigated surface was
ground till 4000 grit emery paper and afterwards polished till 0.05 µm to obtain high
quality surface. All polishing steps were conducted using water-free diamond paste
and for the final step (0.05 µm) alumina powder in ethylene glycol was used.
The necessary level of surface quality for EBSD measurements is much
higher than for normal SEM observation. The specimens were not embedded in the
epoxy resin. Mechanically polished samples were finally ion-polished using Gatan
PIPS™ system for three hours. The accelerating voltage was 2 keV and the impact
angle 5 °.
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4.2

TEM
The local microstructure of the samples was observed by transmission

electron microscopy. Transmission electron microscope JEOL 2000FX equipped
with the Bruker EDX detector was used.
The samples were cut from bars to 1 mm thick plates. Each was mechanically
polished symmetrically from both sides by 1200 grit emery paper until 120 µm
thicknesses was reached. Afterwards, a 3mm disc was machined from the center and
a dimple was ground until the thickness of 50 µm in the middle was reached.
Dimples were created by the Gatan DIMPLE GRINDER MODEL 656. Finally the
specimens were ion-polished using Gatan PIPS™ system with the accelerating
voltage of 4-2 keV.

4.3

Mechanical properties
The evolution of the mechanical properties was investigated by tensile

deformation tests, compression deformation tests and microhardness tests. The
tensile and compression deformation tests were performed by the INSTRON 5882
deformation device. The microhardness tests were performed by the fully automatic
microhardness testing device QNESS Q10a. The investigated parameters were
tensile yield stress, tensile ultimate stress, elongation to fracture, compression yield
stress and Vickers microhardness.

4.3.1

Tensile and compression deformation tests
Tensile deformation tests provided time vs. applied force characteristics.

From a known movement rate of the device, the tensile strain of the specimen was
determined. The tensile strain contained two components: the elastic strain of the
specimen and the device and a plastic strain of the specimen. The elastic strain part
was subtracted during the measurement evaluation. In the applied force vs. tensile
strain plot the elastic region was interpolated by a tangent in the area of maximum of
the applied force first derivative with respect to the tensile strain. The true strain of
the specimen was determined as:
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(

(8)

)

and the true stress in the specimen as:
(

(9)

)

(10)
where

represents the force applied on the specimen,

the specimen,
time and

the initial cross section of

the initial length of the specimen, v the movement rate of the device,
and

are coefficients of the tangent, which interpolated the elastic

part of the stress-strain curve. Evaluations of the compression deformation tests were
performed similarly to tensile deformation tests according to equations (8) ‒ (10).
The samples for tensile deformation tests were machined from the billets as
described in Fig. 8. For the compression deformation tests, the 4x4x5 mm3 bar
samples were cut from the billets. Both tensile and compression deformation tests
were performed at room temperature using a constant deformation rate of 1.10-3 s-1.

Fig. 8: Schematic shape and positions of the tensile deformation test samples.

4.3.2

Microhardness
Microhardness tests were performed to explore microstructure homogeneity

after different stages of the thermomechanical processing. Moreover, it is a
complementary method to examine the evolution of mechanical properties depending
on the increasing number of ECAP passes.
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The samples for microhardness tests were cut from billets, embedded in the
epoxy resin and gradually ground and polished till 1 µm, using abrasive papers and
diamond paste. The measurement itself and evaluation was fully automated and
performed by the testing device. For all tests a grid of indents 10x10 with a 0.8 µm
step was used. A Vickers indentor was used with an applied load of 0.1 kg for 10 s.

4.4

Positron annihilation spectroscopy
Positron annihilation spectroscopy (PAS) is a well-developed non-destructive

method to study open-volume defects in materials. Positrons in the material
recombine with different lifetime in different surroundings, e.g. vacancies,
dislocations and voids. Preferentially, positrons are trapped in crystalline defects that
have locally lower electron densities and therefore the positron lifetime is prolonged.
Measured lifetimes and intensities are related to the size and amount of defect
structures. For more information see [122].
In this work this technique was used to determine the evolution of dislocation
density after thermomechanical processing through ECAP. It has been previously
proved to be in good agreement with dislocation density evolution measured by
X-ray diffraction in AZ31 alloy [123], where also calculation of dislocation density
from positron lifetime data is presented.
Samples for this measurement were cut from bars perpendicular to the
processing direction with 1.5 mm thickness. Afterwards they were chemically etched
by 1 % nital (1 % of HNO3 in ethanol) to remove the surface layer affected by the
cutting process, as dislocation formed in this layer could severely affect the measured
dislocation density. The measurements were performed using a non-commercial
device placed in the Department of Low-Temperatures Physics, Charles University
in Prague.
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4.5

Corrosion
The evolution of corrosion properties of the investigated alloys was measured

by the linear polarization method in a 0.1 M NaCl solution. The potentiostat Autolab
PGSTAT128N™ was used to control the measurement. An additional rotation of
300 rpm was introduced to the samples, in order to ensure better homogeneity of the
measurement and suppress possible concentration polarization. The mechanisms of
corrosion layer formation were studied on samples after seven days of immersion in
the same solution.

4.5.1

Linear polarization

The three electrode setup was used to perform linear polarization tests. It is
schematically presented in Fig. 9, where CE means counter electrode (Pt), WE
means working electrode (sample) and RE means reference electrode (saturated
calomel electrode (SCE)). The role of the potentiostat is to provide the desired
polarization of the sample (WE) by controlling the electric current flown through CE.
This way the driving force available for cathodic/anodic reaction on the sample
surface can be indirectly controlled. As soon as the sample is immersed in the
solution, the potential between WE and RE starts to settle. This potential is called
open circuit potential (OCP).

Fig. 9: The three-electrode setup.
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The linear polarization test is based on linear polarization of the working
electrode (sample). The change of the electrode potential is controlled by the current
flow. The degree of polarization is defined as the overpotential

given by the

following equation:
(11)
where E is the electrode potential for some conditions of current flow and

is the

open circuit potential [124]. The polarization limits are usually several hundred mV
around the OCP. In this work the measurements were performed in the potential
range from -150 mV to 200 mV with respect to OCP with a constant scan rate of
1 mV.s-1. The electric current density ( ) needed for the desired polarization is
recorded with potential ( ) and the results are plotted as
diagram). From the experimental data corrosion potential (
density (

) and polarization resistance (

( ) vs.

(Evans

), corrosion current

) could be acquired. The corrosion

potential is directly connected with galvanic series and the corrosion current density
characterizes the rate of the reaction. These two parameters represent the state where
the anodic and cathodic reactions on the surface are in balance.
The data are evaluated by Tafel’s analysis. The tafel slopes
reaction) and

(anodic

(cathodic reaction) are obtained from linear regions of the

polarization curve as is illustrated in Fig. 10a). A point where these slopes cross is
the point of the corrosion potential and the corrosion current density.
a)

b)

Fig. 10: a) The Evans diagram and the Tafel’s analysis of the PD test, b) Polarization resistance
evaluation.
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Corrosion is often a result of several reactions and corrosion current density
cannot be determined. In such cases polarization resistance can be used to determine
the resistance of the metal under investigation against corrosion. Polarization
resistance is given as (12). High
low

of a metal implies high corrosion resistance and

implies low corrosion resistance [125].

plot vs.

can be directly evaluated from

as presented in Fig. 10b). With other previously mentioned parameters is

directly connected in the equation (13).
(12)

(13)

( )

→

(

|

|

)

The polarization of the electrode could also be driven by concentration
changes of the reactants in the vicinity of the surface. This effect is called
concentration polarization. The rotation disc electrode is often used to control
diffusion processes in the solution and improve reproducibility of flow conditions of
the solution near the electrode surface. In this study, the rotation of 300 rpm was
introduced to the working electrode. For more information see [124–126].

4.5.2

Samples preparation and measurement conditions
The samples were cut from the billets and a peripheral layer of 1 mm was

removed because of ECAP lubricant contamination and microcracks. Afterwards the
samples were embedded in the nonconductive epoxy resin. Prior to the measurement,
the hole and the M6 thread was machined in the center of the resin (as is shown in
Fig. 11) to connect to the rotating disc electrode device. Before each measurement
the exposed surface was ground with 1200 grit emery paper.
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Fig. 11: The rotating disc electrode sample.

The other set of samples was intended for the corrosion layer observations.
The samples with the dimension of 7x7x1.5 mm3 were cut from billets and ground on
each side with 1200 grit emery paper. The sharp edges were chamfered and in one
corner, a small hole was drilled. The samples were freely held in the solution by a
nylon thread passing through the hole for seven days.
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5
5.1

Material preparation
Extrusion
The investigated alloys AE21, AE42 and LAE442 were conventionally casted

into the mold with a diameter of 75 mm. The composition of each alloy acquired by
Spark emission spectrum analysis is shown as Table 1. Detection of lithium was not
allowed by this method and was determined as 4.03 wt. % by Atomic absorption
spectroscopy. Afterwards, the ingots were machined to a diameter of 70 mm to fit
into the extrusion machine. The extrusion die diameter was 15 mm, therefore
ER = 22. The extrusion process was conducted at 350 °C and prior to the extrusion,
the ingots were stabilized at the extrusion temperature for two hours. The extrusion
was performed with a constant plunger speed of 1 mm/s.
Table 1: Composition of the investigated alloys (wt. %).

Al
AE21
1.70
AE42
3.40
LAE442 3.46

5.2

La
0.36
0.77
0.76

Nd
0.226
0.427
0.442

Ce
0.66
1.28
1.26

Pr
0.045
0.106
0.132

Mn
0.176
0.227
0.180

Ca
0.006
0.005
0.100

Fe
0.0100
0.0002
0.0003

Cu
0.0018
0.0020
0.0020

Ni
0.0010
0.0001
0.0001

ECAP
The examined alloys AE21, AE42 and LAE442 were thermomechanically

processed through ECAP to prepare bulk material with UFG structure. An ECAP die
(Fig. 12) was placed in a screw-driven INSTRON 1186 machine which allows a
maximum applicable load of 200 kN. In the ECAP die both the feed-in and exit
channels are formed by hardened inlays in the non-hardened die. The inlays consist
of several segments of simple shape which can be easily machined and fit into the
die. The ECAP die with an ejector was used to allow pushing the specimen out of the
die immediately after pressing it by a plunger from the feed-in channel to the exit
channel. The main advantage of using the ejector is the shorter time the specimen is
exposed to the operating temperature of the ECAP process, minimizing the possible
microstructural changes. In both dies, the angle
and the corner angle

between two intersecting channels

are 90 ° and 0 °, respectively. Both channels had a square
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cross section of 10x10 mm2. The length of the exit channel was optimized to allow
easier processing while maintaining the straight shape of the specimen on exit.

Fig. 12: The ECAP die.

The as extruded material was cut and machined to rectangular bars with the
dimensions of 10x10x100 mm3. Bars of all three alloys were afterwards processed
till 1, 2, 4 and 8 passes (12 in LAE442 alloy), following route BC. Molybdenum
disulphide grease was used as a lubricant. Pressing parameters (temperature and rate)
were the same for AE21 and AE42. In case of the LAE442 alloy, the temperature
was increased and the processing rate decreased because of a cracking occurrence
during the process. The ECAP pressing parameters of all three alloys are shown in
Table 2.
Table 2: ECAP procedure of the investigated alloys.

AE21, AE42
LAE442

Number of the route
1P
2P
3P
210 °C,
195 °C,
185 °C,
10 mm/min 20 mm/min 20 mm/min
230 °C,
210 °C,
200 °C,
5 mm/min 5 mm/min 7 mm/min

4P-8P(12P)
180 °C,
20 mm/min
185 °C,
10 mm/min

The final product after the severe plastic deformation was not homogeneous
through the whole volume. There was an area at both ends of each bar that needed to
be cut out prior to the measurements.
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6
6.1

Experimental results
The initial microstructure after the extrusion
The initial microstructure of the investigated magnesium alloys was studied

by EBSD and representative micrographs of the as-extruded material are presented as
Fig. 13 and Fig. 14a) AE21, b) AE42, and c) LAE442, respectively. The extrusion
conditions of all three alloys were the same, but the microstructure of the LAE442
alloy differed from the ones of the AE21 and AE42 alloys.
a)

b)

c)

Fig. 13: EBSD micrographs of the extruded samples (X-plane) a) AE21, b) AE42 and c) LAE442.

As shown in Fig. 13a) and Fig. 13b), the bimodal character of the grain size
distribution dominated the microstructure of the AE21 and the AE42 alloy, while the
recrystallized character with uniform distribution of equiaxed grains represented the
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LAE442 alloy microstructure, as presented in Fig. 13c). The size of the small grains
in the AE21 and the AE42 alloy was the same, ~5 µm in diameter. The large grains
were ~70 µm (AE21) and ~50 µm (AE42) in diameter, in the X-plane, but as
apparent from Fig. 14a,b), in the Y-plane, they were prolonged to several hundred
micrometers. The average grain size of the LAE442 alloy was 20-40 µm in diameter,
but also significantly prolonged grains were present in the Y-plane, as shown in
Fig. 14c).
a)

b)

c)

Fig. 14: EBSD micrographs of the extruded samples (Y-plane) a) AE21, b) AE42 and c) LAE442.
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In all three alloys, high angle boundaries (HAB) were dominant. Small angle
boundaries were observed in the higher fraction only in large grains in the AE21
alloy. The texture of all three alloys was typical for extruded magnesium alloys with
{

} basal planes parallel to the extrusion direction, as shown in Fig. 15.

a) max: 8.20
Fig. 15: (

b) max: 6.55

c) max: 5.88

) pole figures of the extruded samples a) AE21, b) AE42 and c) LAE442.

The following figures (Fig. 16) represent the distribution of secondary phase
particles in the extruded state. The particles were fragmented during the extrusion
and arranged in stripes along the extrusion axis. The composition of the secondary
phases was specified by EDX and proved by a diffraction patterns obtained by
EBSD. Beside the magnesium matrix, the dominating phase in all three alloys was
Al11RE3. This phase was found in the AE21 alloy earlier [117], and also in other
similar AE systems [114, 127, 128]. The second most common phase present in all
three alloys was Al10RE2Mn7. This phase was previously identified also in other AEtype alloys [128, 129]. Another stoichiometry (Al6REMn6) of such phase in the AE
type of alloy was proposed in [130], but the presented X-ray diffraction pattern was
rather non-conclusive. In the investigated alloys, the stoichiometry of Al10RE2Mn7
was proved by the EBSD pattern.
Beside these dominant phases, a small number of Al-Mn-Fe phases was also
found in the AE21 alloy as a result of an inadequate cleaning process. A higher
amount of iron is also noticeable in the chemical composition of the alloy. Anyway,
magnesium alloys with a such low concentration of Fe and Mn could be cast without
Al-Fe-Mn particles precipitation following adequate casting conditions [42]. A
higher amount of calcium in the LAE442 alloy resulted in the formation of a new
phase compared to the AE42. The Al2Ca phase was identified in this alloy by EDX
and EBSD. The presence of an Al2Ca phase was previously observed in other
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Al-RE-Ca magnesium alloys [127, 131]. In the extruded sample, phases containing
lithium were not observed in SEM and TEM. Lithium concentration in the alloy is
below the solubility limit [113], therefore it is considered that all lithium was
dissolved in the magnesium matrix.
a)

b)

Fig. 16: Secondary phase particles distribution in the ex-extruded state of a) AE42 and b) LAE442
alloy (SEM-BSE). 1 - Al11RE3, 2 - Al10RE2Mn7 and 3 - Al2Ca.

6.2

Microstructure development after ECAP
After the extrusion, severe plastic deformation was introduced to all three

investigated alloys by ECAP. Thermomechanical processing led to the substantial
grain refinement, grain size homogenization and the special texture development. In
order to investigate and document the microstructure development, the samples were
prepared from the states after one pass (1P), two passes (2P), four passes (4P), eight
passes (8P) and also twelve passes in LAE442 (12P). The samples were cut from the
billets and oriented before the measurements as presented in Fig. 17.
The results of microstructure documentation by EBSD are shown below. The
investigated area was at least 100x100 µm with a step of 0.1 µm in all samples. At
least two EBSD maps were obtained for each investigated state, in order to examine
the reproducibility of the microstructure. The average grain size, texture and fraction
of high and low angle boundaries were calculated from the obtained EBSD data.
Grain size distributions are presented as the area fraction as it also reflects well the
microstructure formed by the grains of different sizes, contrary to the number
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fraction. In the pole figures a logarithmic sale was used. The color scheme was black
to rainbow with fifteen colors, of which five colors were between 0 and 1.

Fig. 17: a) EBSD samples position in the billet, b) orientation of EBSD map and c) orientation of the
pole figures.

Prior to evaluation, each measured dataset was cleaned using one step of
confidence index standardization, one step of grain dilatation and afterwards only
pixels with a confidence index higher than 0.3 were considered in the calculations. In
all cleaning steps, grains were considered with a minimum of 15 pixels and a grain
tolerance angle 5 °. The confidence index standardization changes the confidence
indexes of all points in a grain to the maximum confidence index found among all
points belonging to the grain. Grain dilatation acts on points that do not belong to
any grain. It changes the orientation of the point to match the grain with the highest
number of neighboring pixels and the confidence index to match the highest value in
the grain.
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6.2.1

AE21
Thermomechanical processing through ECAP resulted in a substantial

microstructure change. The bimodal character of the grain size distribution after the
extrusion was gradually replaced by the uniform distribution of new grains. After the
extrusion, the maximum area fraction was formed by grains of ~5 µm in diameter,
but also large >40 µm, grains were present. The first and the second pass through
ECAP resulted in major grain refinement and the new microstructure was formed
mostly by grains <2 µm in diameter.
a)

b)

c)

d)

Fig. 18: EBSD micrographs of AE21 a) 1P, b) 2P, c) 4P and d) 8P.

The corresponding micrographs of 1P and 2P are presented as Fig. 18a) and
Fig. 18b), respectively. After the first two passes, the large grains were substantially
fragmented and two additional passes through ECAP completely removed the
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bimodal character of the microstructure. The micrograph of the 4P state is shown in
Fig. 18c). The average grain size was ~1.4 µm. The grain size distribution after 8P
was similar to the one after 4P, as presented in Fig. 18d).

a)

b)

Fig. 19: a) grain size distribution within the range up to 10 µm of AE21 alloy processed through
ECAP and b) variation of length fraction of the HAB and LAB as a function of ECAP passes.

Fig. 19a) represents grain size distributions of grains <10 µm. The area
fraction of the fine grains increased till 2P and then saturated. In the subsequent
ECAP passes, no significant change of the grain size distribution was observed. The
evolution of the high angle boundaries (HAB) and low angle boundaries (LAB) is
presented as Fig. 19b). The HAB and LAB are considered as boundaries with a
misorientation angle >15 ° and <15 °, respectively. The microstructure of the just
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extruded state of the AE21 alloy was formed by grains with a high degree of
misorientation, but a lot of LAB were present in the large grains. The length fraction
of HAB gradually increased till 8P.

6.2.2

AE42
In the AE42 alloy, the bimodal character of the grain size distribution, after

the extrusion was comparable to the AE21 alloy. The average grain size of the small
grains was ~5 µm and the average grain size of the large ones was ~30 µm.
However, the evolution of the grain size distribution with increasing number of
ECAP passes was slightly different from the AE21 alloy. After the first pass through
ECAP, the resulting microstructure was highly non-homogeneous. The micrographs
presented as Fig. 20a) and b) are both taken from the 1P sample and document this
non-homogeneity. Microstructure presented in Fig. 20a) shows fully recrystallized
grains with an almost uniform distribution, while Fig. 20b) shows bimodal
microstructure with the large grains comparable with the ones observed in the just
extruded state. The microstructure after the second pass through ECAP is
documented in Fig. 20c). The second pass through ECAP resulted in higher grain
refinement, with the average grain size of ~1.5 µm. Four passes through ECAP led
to even higher grain refinement and the average grain size was just ~1 µm. The
corresponding micrograph is presented as Fig. 20d). A small deterioration of the
ultrafine grain structure was observed in the 8P sample (Fig. 20e)), where the
average grain size was 1.2 µm.
Fig. 21a) represents a plot of grain size distributions of grains <10 µm. As
mentioned above, the microstructure of the 1P sample was highly non-homogeneous,
but the small grains were refined under ~2 µm in diameter. The subsequent ECAP
processing till 4P led to a more narrow distribution function with the center in
~1 µm. Afterwards, in the 8P sample, broadening of the distribution function
appeared together with a shift to the higher values of the average grain size. The
evolution of HAB and LAB is presented as Fig. 21b). The initial microstructure was
formed by grains with a high misorientation angle. After the first pass through
ECAP, the length fraction of LAB rapidly increased but the subsequent processing
through ECAP resulted in an increase of the length fraction of HAB till 4P, where
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the fraction of HAB was higher than in the just extruded state. The further processing
till 8P led to a small decrease of the HAB length fraction.
a)

b)

c)

d)

e)

Fig. 20: EBSD micrographs of AE42 a,b) 1P, c) 2P, d) 4P and e) 8P.
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a)

b)

Fig. 21: a) grain size distribution within the range up to 10 µm of AE42 alloy processed through
ECAP and b) variation of length fraction of the HAB and LAB as a function of ECAP passes.

6.2.3

LAE442
The grain size evolution of the LAE442 was completely different from the

AE21 and AE42 alloys. The grain size distribution after the extrusion was almost
homogeneous with the average grain size of 20-40 µm. After the first pass through
ECAP, the bimodal character of the grain size distribution dominated the
microstructure, as shown in Fig. 22a). New, refined grains were arranged along the
initial grain boundaries in a necklace-like formation. The microstructure consisted of
the large grains with a grain size of 30 µm in diameter, the smaller fragmented grains
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with a grain size of 15 µm, and small new grains of 5-7 µm in diameter along the
initial grain boundaries. The area fraction of the small grains was low after the first
pass, but rapidly increased after the next passes through ECAP. After the second pass
through ECAP, the area fraction of the small grains was comparable to the area
fraction of the large grains, as shown in Fig. 22b). After four passes, the average
grain size was ~1 µm, but the presence of the bigger grains was still apparent, as
shown in Fig. 22c). In the 8P sample, the grain size distribution was still bimodal,
but the area fraction of the larger grains was small. The corresponding micrograph is
presented as Fig. 22d). The average grain size was still 1 µm with the presence of
larger grains up to 10 µm in diameter. Uniform distribution of fine grains was found
in the 12P sample, as shown in Fig. 22e). The average grain size slightly increased to
~1.5 µm.
Fig. 23a) represents a plot of the grain size distributions of grains <10 µm.
The as extruded sample was formed by relatively large grains, and therefore the
representing curve is almost zero in the chosen range. The area fraction of the 1P
sample grains seems to be uniform over all shown grain sizes, but a peak in the grain
diameter of ~2 µm is visible. This peak is increased after the subsequent ECAP
passes till 8P as the new fine grains replace the initial microstructure. Broadening of
the peak representing grain size distribution is observed after twelve passes through
ECAP. The evolution of HAB and LAB is presented as Fig. 23b). The initial
microstructure was formed by fully recrystallized grains with a high misorientation
angle. After the first pass through ECAP, the length fraction of LAB rapidly
increased and was higher than that of HAB. The subsequent processing through
ECAP led to an increase of the length fraction of HAB till 12P where the fraction of
HAB was ~0.8.
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a)

b)

c)

d)

e)

Fig. 22: EBSD maps of LAE442 a) 1P, b) 2P, c) 4P, d) 8P and e) 12P.
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a)

b)

Fig. 23: a) grain size distribution within the range up to 10 µm of LAE442 alloy processed through
ECAP and b) variation of length fraction of the HAB and LAB as a function of ECAP passes.
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6.3

Texture evolution after ECAP

6.3.1

AE21
The evolution of the texture with increasing number of ECAP passes was

different in AE and LAE type alloys. The texture development of the AE21 alloy is
shown in Fig. 24.

a) max: 6.55

d) max: 3.68

b) max: 7.14

c) max: 11.93

e) max: 3.70

f) max: 8.82

g) max: 8.73
Fig. 24: (

h) max: 18.03

) pole figures of AE21 a) 1P, b) 1P: grains <3 µm, c) 1P: grains >3 µm, d) 2P,
e) 2P: grains <3 µm, f) 2P: grains >3 µm, g) 4P and h) 8P.

The fiber texture created during the extrusion was gradually replaced by the new
texture element corresponding to basal planes oriented ~45 ° from the initial fiber
texture. After the first pass through ECAP, the new texture element is visible in
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Fig. 24a). However, mostly the large grains were affected by the orientation change
as is visible comparing Fig. 24b) (grains <3 µm) and Fig. 24c) (grains >3 µm). After
the first pass, the basal planes were rotated ~45 ° in the (-Z)-direction. A similar
character of the texture was found in the 2P sample, as shown on Fig. 24d-f). After
four passes, the new texture element was already dominant and its direction was
shifted towards the Y-axis (Fig. 24g)). The new texture element became more
pronounced with further processing till 8P as presented in Fig. 24h).

6.3.2

AE42
The pole figures of all investigated states in the AE42 magnesium alloy are

shown in Fig. 25. The evolution of the texture was very similar to that of the AE21
alloy.

Fig. 25: (

a) max: 7.68

b) max: 6.04

c) max: 21.09

d) max: 4.79

e) max: 7.55

f) max: 16.51

) pole figures of AE42 a) 1P, b) 1P: grains <3 µm, c) 1P: grains >3 µm, d) 2P, e) 4P
and f) 8P.

The occurrence of the new texture element in the 1P sample is visible in Fig. 25a-c).
As in AE21, the new texture element, basal planes oriented ~45 ° from the initial
fiber texture in the (-Z)-direction, is pronounced for grains larger than 3 µm. The
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further development is similar as in the AE21. However, in the 4P sample, the new
texture element is not as distinct as in the AE21 alloy. This is shown in Fig. 25e), but
it is most probably an effect of the limited area of the EBSD map. Further processing
through ECAP till 8P led to a stronger texture, as shown in Fig. 25f).

6.3.3

LAE442
As mentioned above, the texture evolution of the LAE442 alloy was different

from the one observed in both AE-type alloys. The main difference is the lack of the
new texture element till 4P and, moreover, the new texture element was not dominant
even after twelve passes through ECAP. The initial fiber texture created during
extrusion was altered in the 1P sample and four peaks occurred slightly shifted from
the ECAP-symmetry directions, as shown in Fig. 26a).

a) max: 5.48

b) max: 9.29

d) max: 8.43
Fig. 26: (

c) max: 6.43

e) max: 8.97

) pole figures of LAE442 a) 1P, b) 2P, c) 4P, d) 8P and e) 12P.

These new texture maxima were not so distinctive in the 2P sample, as shown in
Fig. 26b), but rather a more homogeneous fiber texture was present. However, this
might be just a result of the limited area of the EBSD map. Fig. 26c) represents the
texture of the 4P sample and the four maxima in the fiber texture are clearly visible
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again. Moreover, the new texture element that represents basal planes oriented ~ 45°
from the fiber texture is present. A shift from the Z-axis towards the Y-direction of
the new texture element was observed also in the AE42 alloy. The texture of the 8P
sample is represented by five maxima in the (

) pole figure, as one can see in

Fig. 26d). Four of the maxima represent the basal planes perpendicular to the ECAP
direction, facing ECAP channel faces, and the fifth represents the basal planes
oriented ~45 ° from the ECAP direction. The new texture element (~45 °) was
slightly more distinctive after twelve passes, but the different texture character of the
sample didn’t change (Fig. 26e)).
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6.4
6.4.1

Mechanical properties
Tensile deformation tests
The dependence of the mechanical properties on the increasing number of

ECAP passes was studied by tensile and compression deformation tests. The
microhardness tests were conducted in order to investigate the homogeneity of the
mechanical properties in the cross-section of the samples. Moreover, the dependence
of the mean microhardness on the increasing number of ECAP passes was
investigated.
The results from the tensile deformation tests are presented in Fig. 27a), as
the dependence of the yield strength at 0.2 % offset strain (YTS) on the increasing
number of the ECAP passes. The AE21 alloy exhibited the maximum value of the
YTS after 1P, which was followed by a sharp drop and a continuous decrease till 8P.
The evolution of the yield strength in the AE42 alloy was similar, except that the
maximum was present after two passes (2P). In the case of the LAE442 alloy, the
gradual processing through ECAP led to a continuous increase of the yield tensile
strength till 4P and then followed by saturation.
The evolution of the ultimate tensile strength (UTS) was similar, as depicted
in Fig. 27b). The AE21 and the AE42 alloy exhibited an increase of the UTS values
after 1P and afterwards deterioration of the UTS was present till 8P. The evolution
of the UTS in the LAE442 alloy was the same as the evolution of the YTS,
continuous increase of the UTS till 4P and then saturation.
The evolution of the elongation to fracture is presented in Fig. 27c). The
maximum elongation of the AE21 alloy decreased with the increasing number of
ECAP passes and after 8P, it was roughly just one third of the as extruded value. In
case of the AE42 alloy, the ECAP processing had only limited effect on the
maximum elongation to fracture. Anyway, the 4P sample showed maximum
ductility. Processing through ECAP had a positive effect on the elongation to fracture
of the LAE442 alloy, where the value after 8P was more than double compared to the
just extruded state.
The corresponding values of the yield strength, ultimate strength and
elongation to fracture are presented in Table 3.
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a)

b)

c)

Fig. 27: Evolution of a) yield strength, b) tensile strength and c) elongation to fracture on the
increasing number of ECAP passes of all three investigated alloys.
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Table 3: Evolution of the yield strength, tensile strength and elongation to fracture on the increasing
number of ECAP passes of all three investigated alloys.

σ0.2 [MPa]
# of ECAP

AE21

AE42

LAE442

0P

197 ± 08

194 ± 13

142 ± 06

1P

242 ± 15

235 ± 18

175 ± 04

2P

190 ± 32

200 ± 41

182 ± 07

4P

181 ± 15

178 ± 20

193 ± 06

8P

144 ± 19

126 ± 09

193 ± 04

12P

-

-

192 ± 04

σmax [MPa]
# of ECAP

AE21

AE42

LAE442

0P

306 ± 04

308 ± 11

149 ± 05

1P

327 ± 12

337 ± 08

199 ± 03

2P

297 ± 30

320 ± 20

205 ± 08

4P

267 ± 15

317 ± 16

218 ± 06

8P

224 ± 15

263 ± 15

224 ± 03

12P

-

-

221 ± 04

elongation [%]

6.4.2

# of ECAP

AE21

AE42

LAE442

0P

17 ± 01

15 ± 04

0.4 ± 0.2

1P

15 ± 05

18 ± 05

0.9 ± 0.1

2P

13 ± 03

14 ± 03

0.9 ± 0.2

4P

7 ± 03

20 ± 04

0.8 ± 0.1

8P

6 ± 02

18 ± 04

1.1 ± 0.1

12P

-

-

1.0 ± 0.1

Compression deformation tests
The evolution of the mechanical properties when deformed in compression

was similar to the tensile deformation tests; however, several differences are present.
The values of the yield compression strength at 0.2 % offset strain (YCS) are
presented in Fig. 28 and Table 4. The tests were carried out in the two directions;
parallel (X) and perpendicular (Y), to the processing direction (X). The yield strength
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in the Y-direction was slightly lower in all studied states but the evolution was
similar to the X-direction. What deviated from this trend was the LAE442 alloy,
where the value of YCS in the Y-direction was higher in the 8P and the 12P state. A
maximum of the YCS, in both studied directions, was present in the AE21 and the
AE42 alloy in the 4P samples. An evolution of the YCS comparable to the tensile
tests was measured in the X-direction of the LAE442 alloy; however, saturation in
the Y-direction was not attained even after twelve passes through ECAP.

a)

b)

Fig. 28: Yield compression strength measured in a) X-direction b) Y-direction.
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Table 4: Yield compression strength measured in the X-direction and Y-direction.
σ0.2-X [Mpa]
# of ECAP

AE21

AE42

LAE442

0P

175 ± 03

150 ± 19

141 ± 03

1P

186 ± 07

249 ± 20

189 ± 19

2P

235 ± 08

242 ± 06

194 ± 06

4P

232 ± 18

291 ± 06

211 ± 05

8P

197 ± 09

181 ± 24

225 ± 02

12P

-

-

225 ± 10

σ0.2-Y [Mpa]

6.4.3

# of ECAP

AE21

AE42

LAE442

0P

135 ± 01

143 ± 08

135 ± 03

1P

176 ± 02

220 ± 21

183 ± 16

2P

189 ± 05

215 ± 07

198 ± 02

4P

204 ± 10

248 ± 06

209 ± 18

8P

164 ± 14

175 ± 03

246 ± 03

12P

-

-

257 ± 08

Microhardness tests
The microhardness tests were carried out to investigate the homogeneity of

the mechanical properties over the area of the X-plane, in the all studied alloys and
states. The results showed a homogeneous distribution of the microhardness in the
inner part with the area of 8x8 mm2 with no saturation in any part of the crosssection in all investigated states. The average values of the microhardness as a
function of the increasing number of ECAP passes are presented in Fig. 29 and
Table 5. Two regions can be distinguished in the microhardness development of
each alloy; a region of the increase and a region of the saturation. The region of
microhardness increase was present in the AE21 and the AE42 alloy till 4P and in the
LAE442 till 2P. Afterwards, the region of the microhardness saturation is present in
each alloy.
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Fig. 29: Microhardness (Vickers 0.1) of all investigated alloys as function of the increasing number of
ECAP passes.
Table 5: Microhardness (Vickers 0.1) of all investigated alloys as function of the increasing number
of ECAP passes.

HV0.1 (Vickers 0.1)

6.4.4

# of ECAP

AE21

AE42

LAE442

0P

58.6 ± 2.0

64.8 ± 2.1

67.1 ± 3.3

1P

64.5 ± 4.0

75.1 ± 2.2

74.2 ± 3.4

2P

69.0 ± 5.5

76.5 ± 2.1

75.9 ± 2.7

4P

71.2 ± 3.5

80.8 ± 2.4

78.2 ± 6.9

8P

70.7 ± 4.5

77.7 ± 2.7

80.2 ± 2.0

12P

-

-

77.3 ± 3.4

Dislocation density
Dislocation density evolution of the AE42 and the LAE442 alloy was

investigated by positron annihilation spectroscopy and results are presented in
Fig. 30 and Table 6. The dislocation density of the LAE442 alloy is one order of
magnitude higher but there are similarities in both evolutions. The maximum
dislocation density in the LAE442 alloy was present after 1P and then it gradually
decreased till 8P, where the overall dislocation density was lower than after the
extrusion. The maximum dislocation density of the AE42 alloy was present after 2P
and then it gradually decreased till 8P.
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Fig. 30: Dislocation density measured in the AE42 and LAE442 alloy.
Table 6: Dislocation density measured in the AE42 and LAE442 alloy.

ρ [1014m-2]
# of ECAP

AE42

LAE442

0P

0.086 ± 0.08

1.11 ± 0.2

1P

0.326 ± 0.08

2.26 ± 0.2

2P

0.337 ± 0.08

1.76 ± 0.2

4P

0.259 ± 0.08

1.33 ± 0.2

8P

0.099 ± 0.08

1.75 ± 0.2

12P

-

1.85 ± 0.2
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6.5
6.5.1

Corrosion resistance
Linear polarization
The corrosion resistance of the investigated alloys was studied by linear

polarization measurement. This method was used to estimate the initial corrosion
attack immediately after immersion into a 0.1 M NaCl solution. Moreover, samples
of the chosen states of all three alloys were prepared for immersion corrosion
measurements with duration of seven days in the same solution. This measurement
provided information about the corrosion layer development on the specimen
surface.
The linear polarization tests after five minutes of stabilization showed in the
AE21 alloy almost no difference between the extruded samples and the samples after
thermomechanical processing through ECAP. On the other hand, evolution of the
polarization resistance was observed in the AE42 and the LAE442 alloy, where
continuous increase was found with the subsequent processing through ECAP. The
measured data sets are presented in the form of Evans diagrams in Fig. 31. From the
measurements, only the values of the polarization resistance
potential

and the corrosion

were evaluated. The values of the corrosion current density

were

not possible to be evaluated, as the conditions required to use the Tafel’s analysis
were not met. Specifically, well defined anodic and cathodic Tafel regions were not
observed over at least one decade of current and also localized corrosion on the
surface after the measurement was observed [124]. The values of the polarization
resistance and the corrosion potential are presented in Table 8 and graphically
displayed as Fig. 32. A shift of the corrosion potential to the more positive values
was observed in all three alloys. In the AE21 and AE42 alloys, the shift was only less
than 10 mV, but in the LAE442 alloy, it was 33 mV.
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a)

b)

c)

Fig. 31: Evans diagrams of the investigated alloys a) AE21, b) AE42 and c) LAE442.
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Table 7: Corrosion parameters of the investigated alloys determined from Fig. 31.

[Ω.cm2]
# of ECAP

AE21

AE42

LAE442

0P

120 ± 3

170 ± 2

186 ± 06

1P

118 ± 5

167 ± 8

175 ± 06

2P

116 ± 2

176 ± 2

194 ± 04

4P

118 ± 4

179 ± 3

212 ± 14

8P

118 ± 5

191 ± 5

233 ± 09

12P

-

-

247 ± 03

[mV] vs SCE

a)

# of ECAP

AE21

AE42

LAE442

0P

-1593 ± 1

-1608 ± 1

-1643 ± 1

1P

-1593 ± 3

-1603 ± 1

-1640 ± 1

2P

-1591 ± 1

-1610 ± 1

-1633 ± 4

4P

-1587 ± 1

-1608 ± 1

-1630 ± 1

8P

-1586 ± 1

-1602 ± 1

-1605 ± 5

12P

-

-

-1610 ± 2

b)

Fig. 32: Corrosion parameters of the investigated alloys determined from Fig. 31. a) polarization
resistance RP and b) corrosion potential

as a function of ECAP passes.

60

A small bump in the anodic region of the polarization curve (

) was

observed in all samples of the AE21 and the AE42 alloy, but a much bigger bump
was observed in the samples of the LAE442 alloy. These bumps correspond to the
breakdown potential

at which an oxide and/or hydroxide protective film formed

on the surface breaks down. The specimen surface is afterwards exposed to the
aggressive media and the corrosion process is much faster. This is visible on the
corrosion current density that rapidly increases. The points of the breakdown
potential were not well defined in the AE21 and the AE42 alloy. In the AE21, the
breakdown potential was not possible to be evaluated. In the AE42, the passive
region of the corrosion film protection

was the same in all studied

samples within the statistical error, 115 ± 5 mV. In the LAE442 alloy, these points
were defined much better and a shift of the breakdown potential towards the
corrosion potential was observed with subsequent processing through ECAP. The
width of the passive region decreased as depicted in Table 8.
Table 8: Passive region

in LAE442 alloy calculated from Fig. 31c).

[mV] vs SCE
# of ECAP

LAE442

0P

132 ± 5

1P

54 ± 5

2P

55 ± 6

4P

31 ± 5

8P

34 ± 5

12P

17 ± 5

6.5.2
6.5.3

Examination of the corrosion layer
Micrographs of the corrosion layer formed on the surface of the AE42 and

LAE442 alloys are presented as Fig. 33. A major cracking of the corrosion layer was
observed in all four investigated corrosion layers, but a substantial decrease of its
surface fraction was observed in the samples after processing through ECAP. In the
AE21 alloy, a massive corrosion attack was observed and the samples after one week
of immersion dissolved almost completely. Therefore, the resulting corrosion layer
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that formed on the AE21 alloy cannot be compared to the layers that formed on the
other two alloys.
a)

b)

c)

d)

Fig. 33: Corrosion layer formed on a) AE42-0P, b) AE42-8P, c) LAE442-0P and d) LAE442-12P
sample after seven days immersion in 0.1 M NaCl solution (SEM-BSE).
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7

Discussion

7.1

Microstructure evolution after ECAP
Severe plastic deformation has tremendous effect on the microstructure and

other parameters of processed materials. There are several review papers presenting a
summary of results in this field on a variety of materials including magnesium and
magnesium alloys, e.g. [132, 133].
This work is focused on Equal Channel Angular Pressing and as mentioned in
chapter 1.5.2, there are several parameters that could be altered when a material is
processed. The final microstructure significantly depends on the deformation history,
as shown e.g. in [134]. From the geometric point of view, different processing routes
lead to different microstructure, as different slip systems are activated [76]. Other
differences in the final microstructure stem from different processing parameters,
such as channel geometry ( and angle), temperature and crosshead velocity, as
different amount of plastic strain is induced in the material [73] and a different
degree of dynamic recrystallization occurs [135–137]. The processed material itself
also significantly affects the final microstructure, as compression and share strain is
introduced to the material during thermomechanical processing. The activation of a
particular dislocation slip system in HCP metals is determined by the c/a ratio, which
could lead to a different texture development, even when using the same processing
conditions [134]. The effect of the c/a ratio on the rolling texture is often discussed
[138], but similar mechanisms are considered to be present also during ECAP. In
[138], the activation of typical slip systems in different HCP metals (different c/a
ratio) is also discussed.

7.1.1

Grain size
The initial microstructure in all three investigated alloys was typical for

magnesium alloys processed by extrusion, but a significant difference between the
AE-group and the LAE442 alloy was present. Grain size distribution in the AE21
and the AE42 alloy had bimodal character with the maximum area fraction of small
grains of ~3-6 µm in diameter. The LAE442 alloy was formed by recrystallized
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equiaxed grains of the average grain size of 20-40 µm. The significant difference in
the initial grain size has resulted in a different evolution of microstructure with
increasing number of ECAP passes. The grain refinement of the AE21 and the AE42
alloy was almost complete within the first few passes and after four passes, the grain
size distribution was uniform with the average grain size of ~1.4 µm and 1 µm in
AE21 and AE42, respectively. Further processing through ECAP had only limited
effect on the grain size distribution. However, the evolution of the LAE442
microstructure was completely different. The initial uniform grain size distribution
was replaced by a bimodal one. The new, refined grains were arranged along the
initial grain boundaries in a necklace-like formation. Subsequent processing through
ECAP resulted in further fragmentation of the large grains and the area fraction of
small refined grains gradually increased. Such difference in the microstructure
evolution was reported before [139]. It was attributed to the existence of the critical
grain size dC, when in the case of d<dC the microstructure is refined as a whole after
one pass and in the case of d>dC the necklace-like formation of new grains is present
along the bigger grains. It is evident that larger grains in the initial microstructure
had resulted in more ECAP passes till fine-grain microstructure was achieved,
therefore in order to reach a comparable fine-grain microstructure in all three
investigated alloys, the LAE442 alloy had to be processed till 12P.
Another reason of slow grain refinement in the LAE442 alloy stems from
using higher temperature and lower cross-head velocity. The processing temperature
has significant influence on the resulting microstructure homogeneity and the
average grain size due to dynamic recrystallization [135–137]. The temperature and
processing velocity used in AE alloys led to massive cracking of the LAE442 alloy,
as presented in Fig. 34. The necessity of using higher temperature most probably
originated from the addition of lithium as an alloying element. Lithium has a major
influence on the ductility of magnesium alloys. It causes a decrease of the c/a ratio
by substituting magnesium atoms by lithium atoms [18] and therefore enhances the
activity of the pyramidal 〈

〉 slip mode [140]. A higher number of available slip

systems resulted in a higher dislocation density. This was proved by a post-mortem
observation by PAS, where dislocation density measured in the LAE442 alloy was
more than one order of magnitude higher than in the AE42 alloy, as presented in
Fig. 30. However, high dislocation density combined with a high volume fraction of
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intermetallic phases led to dislocation movement blocking, strengthening and
cracking. Therefore, higher temperature and lower cross-head velocity was needed in
order to ensure a continual flow through the ECAP die without cracking.

Fig. 34: Occurrence of cracking during ECAP in the LAE442 alloy.

7.1.2

Grain boundaries evolution
The high length fraction of HAB in the AE42 (~0.76) and the LAE442

(~0.86) alloy suggests high a degree of recrystallization of the as-extruded state. On
the other hand, the AE21 alloys exhibited a lower length fraction of HAB compared
to the other two alloys (~0.63). It could be said that this microstructure was produced
by partial dynamic recrystallization, which also confirms the presence of extremely
large elongated grains [141]. The continuous processing through ECAP resulted in a
high length fraction of HAB in all three alloys (~0.75), therefore also high degree of
recrystallization. A significant decrease of HAB was observed after the first pass
through ECAP in the LAE442 and the AE42 alloy. Actually, the length fraction of
LAB in LAE442 alloy was even higher than of HAB. Severe plastic deformation
introduced to the material led to a substantial increase of dislocation density as
shown in Fig. 30. The present dislocation tangles were starting to form dislocation
cells and subgrains, as document by a micrograph from TEM in Fig. 35a), which
caused increase of LAB length fraction. After subsequent ECAP processing, these
subgrains were turning into the grains and therefore the length fraction of HAB
increased in both alloys. Such development was previously observed in other
magnesium alloys [77, 142, 143]. With the increasing number of passes, the length
fraction of HAB reaches saturation at a certain point, when dislocation generated by
ECAP does not reach the level necessary for the formation of dislocation
cell-structure and further development of HAB [77]. This was observed in the AE42
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alloy where more passes after 4P led to grain growth and a decrease of the HAB
length fraction.
b)

a)

Fig. 35: TEM micrograph of a) LAE442-1P, b) AE21-1P (bright field).

In the case of the AE21 alloy, a high degree of deformation introduced to the
material during the first pass through ECAP, also led to dynamic recrystallization
and subgrain formation, as shown in Fig. 35b). As mentioned, the length fraction of
HAB was low after the extrusion and LAB were present mostly within large grains.
Therefore, large grains fragmentation after the first pass resulted in a partial increase
of HAB. The further increase of the HAB length fraction was comparable with the
other two alloys.

7.1.3

Texture
Continuous processing of all three alloys through ECAP led to the

development of the new texture element with basal poles rotated by 45 ° from the
ECAP X-direction. This texture element became major in the AE21 and the AE42
alloy, whilst in LAE442, other texture elements that became major also formed.
Moreover, the new texture element was present in the Y-(-Z) quadrant of the pole
figure in all three investigated alloys.
Inclination of the basal planes from the ECAP processing direction was
previously reported also in other magnesium alloys with similar deformation history
(extrusion and ECAP following route BC) [39, 77, 142, 144–146]. The AZ61
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magnesium alloy was investigated in [144]. The presented pole figures calculated
from the EBSD data were rather non-conclusive, but after 8P most of the basal
planes were clearly oriented ~45 ° from the extrusion and transverse direction.
Similar results were found in the AZ31B alloy where neutron diffraction was used to
determine the texture evolution after eight passes through ECAP, and provided a
higher statistical confidence of resulting pole figures [39]. Afterwards, a report with
a XRD measurement of the texture development of AZ61 was also published with
similar results [142]. In [145], the texture development was studied in a Mg-3.3% Li
alloy. It was reported that after 4P using the route BC, basal planes of the majority of
grains in the sample were oriented ~40 ° relative to the processing direction.
However, from the pole figures, it is clear that a lot of grains still had basal planes
perpendicular to the processing direction. The texture development in the AZ31 alloy
was reported in two different papers with similar results [77, 146]. The major texture
element was found to be rotated by 40-50 ° from the processing direction in both
reports. Moreover, in all mentioned publications, continuous rotation of the basal
planes to either the (-Y)-(-Z)-direction or the Y-(-Z)-direction was presented. The
similarity of the resulting texture measured in the investigated alloys with all the
other reports suggests that deformation mechanisms in magnesium alloys are similar.
In both the AE21 and the AE42 alloy, a reorientation of ~45 ° to the
Z-direction was observed after the first pass, mostly in large grains, as shown in
Fig. 24c) and Fig. 25c). The limitation of such rotation to large grains was observed
earlier in the AZ31 alloy. The authors suggested that the shear strain introduced by
the first ECAP pass is accommodated mainly within the larger grains, as the larger
grains are deformed by a lower energy compared to the small ones [77]. During the
compression, magnesium basal planes tend to orient perpendicular to the force
direction. The situation when the ECAP configuration is

= 0 ° and

presented in Fig. 36, where maximal force applied on the slip plane

= 90 ° is
is oriented

45 ° from the processing direction. This explains the rotation of the grains as
mentioned above. This model was previously suggested for magnesium alloys in
[147]. However, this model doesn’t explain further texture rotation towards the
Y-axis.
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Fig. 36: Activated slip plane during ECAP and the resulting orientation of the grains.

If all grains were rotated after the first pass through ECAP, the resulting pole
figure would be as presented in Fig. 37a). Rotation the billet by 90 ° clock-wise (BC
route) reorients the grains in the ECAP die. The orientation of the grains just before
the second ECAP pass is shown in Fig. 37b). During the deformation process the
grains tend to orient 45 ° to the processing direction (basal slip) and this way the
texture element present in all three investigated alloys is formed. Some of the grains
are not reoriented and the texture element shown in Fig. 37b) is also visible after the
processing, as seen in Fig. 24d,e) and Fig. 25d,e). Here the activation of a prismatic
and pyramidal slip system ensures a continuous flow of the material without grain
reorientation, which explained is more detail in the LAE442 alloy. Anyway, the
prismatic and pyramidal slip systems are difficult; therefore this texture element
diminishes with subsequent passes. In this step, some grains are again oriented 45 °
in the Z- direction, as depicts Fig. 37c). The following ECAP passes act on the
microstructure in a similar manner. Due to the dynamic recrystallization and new
grains formation, the evolution of the texture takes several passes. In several papers,
the new texture element formed in the (-Y)-(-Z) quadrant. Such difference could be
explained by rotating the billet between subsequent ECAP passes counter clock-wise.
The proposed mechanism of the texture development in magnesium alloys
fully explains texture development in the AE21 and AE42 alloys. In case of the
LAE442 alloy, the previously mentioned texture element is also present but other
texture elements were formed as well.
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a)

b)

c)
Fig. 37: Mechanism of the texture development in the magnesium alloys ((

) pole figure).

Similar texture evolution of the magnesium alloys, when similar processing
conditions are used, suggests that deformation mechanisms in magnesium are
similar. However, the addition of lithium strongly affects the c/a ratio through the
substitution of Mg atoms by Li atoms. The reduction of atomic distance cause a
decrease in the activation energy in the HCP crystal needed for prismatic and
pyramidal slipping, which already occurs at ambient temperatures [18]. The rotating
of the basal planes parallel to the slip plane observed in the other two investigated
alloys was partially replaced alloy by rotation of the pyramidal and prismatic planes
in the LAE442. This caused the orientation of basal planes ~90 ° from the processing
direction in the Y- and Z-direction, beside the formation of the 45 ° texture element.
One could suggest that the fourfold symmetry is associated with the square
cross-section of the ECAP die, but the texture formation is caused by the plastic
deformation. This confirms the pole figure presented in [145], where the
microstructure of Mg-3.3%Li after four passes through ECAP with a round crosssection was studied. However, although the occurrence of the alike texture is visible
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in the pole figure after 4P, it was not discussed, as the texture element of ~45 ° basal
planes rotation was dominant.
The understanding of texture evolution in the LAE442 alloy lies in the
(

̅ ) pole figure of the 12P sample shown in Fig. 38b). This pole figure consists

of several maxima that belong to the three pronounced texture elements. The first
one is presented in Fig. 38c) and represents basal planes perpendicular to the
processing direction and the Y-axis. The maximum in the pole figure is located in the
Z-axis rotated 15 ° from the processing direction. The second element is shown in
Fig. 38d) and represents basal planes almost perpendicular to the processing
direction and the Z-axis. Two distinguishable maxima are located below the Y-axis
and both rotated 30 ° from the processing direction. The other maxima in the pole
figure belong to the texture element rotated 45 ° rotated from the processing
direction. The most dominant texture element was the first one.

2

1
3
a) max: 8.97

c)
Fig. 38: a) (

b) max: 6.46

c)
) pole figure of the LAE442-12P sample b) (

̅ ) pole figure of the LAE442-12P

sample, c) texture element 1, d) texture element 2.
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The softening of the prismatic planes due to the decrease of the c/a ratio
caused rotation of the prismatic planes perpendicular to the maximal applied force
acting on the slip plane due to the activation of the {

̅ }〈

̅ 〉 slip system. Such

rotation is graphically presented in Fig. 39a) where it is clearly visible that it causes
texture maxima as presented in Fig. 38c). The second texture element represented by
Fig. 38d) is formed by the same mechanism as the two previously mentioned texture
elements, but by activation of the {

̅ }〈

̅ 〉 pyramidal slip system. This

situation is outlined in Fig. 39b). As the slip system is not inclined at 45 ° in the unit
cell, the basal planes are not perpendicular to the Z-axis, which is apparent from the
pole figure presented in Fig. 38a).
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7.2

Mechanical properties
The evolution of the mechanical properties after processing through ECAP

was already studied in a variety of magnesium alloys. Generally only one method is
used to enquire mechanical properties of the samples. In this work, a comparison of
three different mechanical tests is shown to obtain complex information about the
mechanical properties evolution after the increasing number of ECAP passes.

7.2.1

Tensile deformation tests
The results attained by tensile deformation tests showed significant

deterioration of the YTS and UTS after 1P and 2P in the AE21 and the AE42 alloy,
respectively. Such worsening of tensile strength was already reported before in
magnesium alloys, with similar texture development [77, 142, 146, 148]. On the
other hand it was not observed in samples without prior extrusion [149, 150]. Grain
refinement associated with continuous processing through ECAP significantly affects
mechanical properties through grain boundary hardening. However, rotation of the
basal plane ~45 ° from the processing direction causes softening when the load is
applied in the same direction, according to the Schmid’s law (2).
In all three investigated alloys, typical wire texture with basal planes parallel
to the extrusion direction was found after the extrusion. Such texture is unfavorable
for basal slip and {

̅ } twinning in tensile deformation and therefore the resulting

YTS is high [36, 151]. The formation of the new texture, typical for the BC route,
causes rotation of the basal planes to a position more favorable for deformation.
Consequently, the overall effect of the new texture had much higher impact on the
resulting mechanical properties and resulted in a significant decrease of YTS and
UTS in the AE21 and the AE42 alloy. The effect of the texture is depicted in Fig. 40,
where the evolution of the Schmid factor distribution of basal slip system in the
AE21 alloy on the increasing number of ECAP passes is shown.
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Fig. 40: Evolution of Schmid factor distribution of basal slip system (

)〈

̅ 〉 in AE21 alloy on

the gradual number of ECAP passes. Calculated from the orientation of each pixel of EBSD
micrograph.

The evolution of YTS and UTS in the LAE442 was different, as the evolution
of the texture was different. The new texture element with basal planes rotated by
45 ° from the processing direction was formed, but a much stronger texture was
formed by grains with basal planes parallel to the processing direction and
perpendicular to the Y- and Z-direction. The grain refinement caused grain boundary
hardening and the YTS and UTS values increased till 4P. Afterwards, a combined
effect of the further grain refinement and the texture change resulted in the saturation
of YTS and UTS. The generally smaller values of YTS and UTS, when compared to
the other two investigated alloys, are caused by the addition of lithium. As mentioned
in chapter 3.2, lithium causes a decrease of the c/a ratio through the substitution of
Mg atoms by Li atoms. The reduction of atomic distance causes decrease in the
activation energy in the HCP crystal needed for pyramidal slipping. Therefore, a
higher number of the available slip systems facilitate deformation of the LAE442
alloy. This also directly influences dislocation density in both alloys, as is clearly
visible from Fig. 30, where a comparison of dislocation density between AE42 and
LAE442 is presented.
The elongation to fracture as a function of processing through ECAP was
investigated in many papers. The results usually showed a positive effect of the
processing on ductility, but the increase of the elongation highly differed between
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different alloys and different processing parameters [137, 142, 145, 146, 150, 152–
154]. In the AE42 alloy, a increase of the ductility within the error was measured
(Fig. 27c)). On the other hand, in the AE21, a substantial decrease of ductility alloy
was measured after ECAP, exceeding the measurement error. A similar decrease was
previously observed in [155], where it was attributed to an accumulation of
dislocations in the grains/subgrains boundaries.
Magnesium-lithium alloys are often studied for their remarkably low weight.
Moreover, additional slip systems facilitate deformation of these alloys at ambient
temperatures; however, the effect on ductility is not straightforward. Magnesium
alloys with addition of lithium are reported to have an elongation to fracture from
50 % to 12 %, depending on the composition and processing [18, 156–158]. A
tremendous increase of ductility is mostly reported in pure Mg-Li systems or BCC
β-phase systems [156, 157]. However, the addition of lithium in the LAE442 alloy
resulted in a significantly lower elongation to fracture compared to the AE42 alloy.
The LAE442 alloy contained high volume fraction of secondary phase particles
precipitated in the matrix together with high dislocation density. Together, they form
pinning points for the dislocation movement and during the tensile strain deformation
cracks could easily initialize at these points, resulting in a low elongation to fracture.
Pinning of the dislocations was directly observed in the LAE442-2P sample as
shown in Fig. 41.

Fig. 41: Pinned down dislocation in LAE442-2P sample (TEM, bright field).

74

Although the elongation to fracture of the LAE442 alloy was significantly
lower compared to the AE42 alloy, the thermomechanical processing through ECAP
led to a sharp increase of this attribute. To examine such significant improvement,
the fracture surfaces of the samples were investigated by SEM. The resulting
micrographs of the as-extruded state and the 1P state are presented as Fig. 42.
a)

b)

c)

Fig. 42: Fracture micrographs of a) extruded sample (SEM-BSE), b) sample after one pass through
ECAP (SEM-BSE) and c) detail of b) (SEM-SE).

The brittle character of fracture characterized all states of the LAE442 alloy.
However, a significant difference in the character of the fracture was found. Fracture
of the as-extruded sample was present mostly on the grain boundaries, when grains
were pulled out of the matrix as a whole (Fig. 42a)). On the other hand, the cleavage
character of fracture was found in the samples processed through ECAP, as depicted
in Fig. 42b). This fracture followed the crystallographic planes. An important fact is
that the following grain refinement didn’t lead to further enhancement of the
elongation to fracture. This implies that grain size itself had only limited or no effect
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on the resulting fracture mechanism. Therefore, the intergranular fracture
characterizing the as extruded sample is most probably caused by the precipitation of
brittle secondary phases on the grain boundaries during extrusion.
The chemical composition of the LAE442 alloy showed that a small addition
of calcium (0.1 wt. %) is present in the matrix. Calcium preferentially formed
intermetallic phases Al2Ca with aluminum, as discussed in chapter 6.1. However, a
small amount could also be dissolved in the matrix, as its concentration is below the
solubility limit [113]. It was shown that segregation of calcium in grain boundaries
causes intergranular fracture in magnesium alloys that could substantially decrease
the elongation to fracture [159, 160]. Moreover, segregation tendency depends on the
grain boundary type. The grain boundary excess at the high-angle grain boundaries is
higher than that at the low-angle grain boundaries [161, 162]. Therefore, a significant
increase of LAB after the first pass through ECAP led to lower segregation of
calcium on grain boundaries and higher elongation to fracture. Subsequent
processing through ECAP led to a decrease of the LAB fraction, but also an increase
of grain boundary volume fraction. Therefore, the ductility remained almost
unchanged till twelve passes through ECAP. Contrary that grain boundary
segregation is usually within few hundreds of

[161, 163], it was not able to be

observed in the transmission electron microscope.

7.2.2

Compression deformation tests
Compression deformation tests provided another point of view to the

mechanical properties of the investigated alloys. As mentioned above, the tests were
performed in two perpendicular directions (X and Y), in order to investigate the
anisotropy resulting from the texture evolution. The results showed the same
evolution in both investigated directions in the AE21 and the AE42 alloy, but
differed in the LAE442 alloy. The values of the yield compression strength in the
Y-direction were lower in all investigated states for both alloys. This results from the
initial fiber texture with basal planes parallel to the X-direction, as hard orientation
for compression deformation. In the Y-direction, the majority of grains were oriented
with basal plane normal oriented between 0 ° and 90 ° to the compression direction,
providing softer orientations for the compression deformation. Even though the
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thermomechanical processing resulted in substantial texture evolution, a portion of
the “softly oriented” grains remained higher in the Y-direction, and therefore the
yield compression strength in X-direction was higher in all studied states.
The texture evolution also explains different evolution of the compression
and tensile yield strength in the AE21 and AE42 alloys. The fiber texture formed
after the extrusion is unfavorable for the activation of basal slip and twinning in
tensile stress [151], which lead to the activation of a prismatic slip system [164]. It
was also shown that the activation of a basal slip system is nevertheless dominant in
the early stage of deformation, which results in high yield tensile strength. Moreover,
the stress reaches a value high enough to activate prismatic and pyramidal slips,
which accommodate the deformation [165]. On the other hand, this texture is very
good for twinning in compression stress. In the initial deformation stage of
compression, the twining activity is dominant (80 % of total activity) [165]. This
explains the lower values of yield strength measured in compression and yield
asymmetry. After the subsequent processing through ECAP, the texture evolution
results in the formation of a new texture element rotated by ~45 ° from the
processing and load direction. In tension, this facilitates the activation of the basal
slip system in an increasing number of grains at the expense of the activation of
non-basal slip systems at higher stresses. On the other hand, in compression, a large
number of grains were oriented well for twinning until the fiber texture was
completely removed. Twinning results in a higher degree of grain refinement due to
the presence of twin boundaries. Moreover, the orientation of the twins is
unfavorable for further deformation when are formed from the fiber texture as
depicted in Fig. 43. Here, in a) the initial fiber texture is shown, and in b), the
orientation after the twinning. Therefore, the softening effect of the new texture
formation occurred in the compression load after a higher number of ECAP passes
than in occurred in tension.
The evolution of the yield compression strength in the LAE442 alloy was
more complicated. The values of the yield compression strength in the X- and
Y-direction were comparable till four passes through ECAP, but subsequent
processing led to the saturation of the yield strength in the X-direction while
increasing in the Y-direction. This was different from the other two investigated
alloys, where yield strength in the Y-direction was lower in all investigated samples
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and followed the evolution in the X-direction. As mentioned, the activation of the
prismatic slip system occurs in this alloy also at ambient temperature [18], which led
to the suppression of the anisotropy effect of the initial fiber texture. This explains
well the comparable values of the yield strength till four passes through ECAP.
Further processing led to stronger texture formation, as discussed in chapter 7.1.3,
which affected further evolution of the yield compression strength in both
investigated directions.

a)

b)

Fig. 43: Reorientation of the basal planes after the twinning in compression (pole figures (0001)).
a) initial orientation and b) after the twining.

a)

b)

Fig. 44: Schmid factor distribution in LAE442 alloy for a) basal slip system (
b) prismatic slip system {

̅ }〈

)〈

̅ 〉 and

̅ 〉 in compression (X- and Y-direction). Calculated from the

orientation of each pixel of EBSD micrograph.
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Fig. 44 shows comparison of the Schmid factor distribution calculated for
basal and prismatic slip systems for compression in the X- and Y-direction. The
Schmid factor distribution of the basal slip system is comparable for both directions,
although soft orientation with the Schmid factor of 0.5 was slightly higher in the
Y-direction. On the other hand, the Schmid factor distribution of the prismatic slip
system showed a substantial difference in the soft orientation. The orientation of
grains was very favorable for deformation in the X-direction. This explains well the
continuous hardening in the Y-direction and the saturation of the yield compression
strength in the X-direction.

7.2.3

Microhardness tests
Microhardness tests were first performed to acquire information about the

homogeneity of the mechanical properties through the cross-section of the ECAP
billets. In all investigated states of all three alloys, a uniform distribution of
microhardness was found through the investigated area of 8x8 mm2. Moreover, the
evolution of the mean microhardness was compared to the tensile and compression
deformation tests.
The results acquired from microhardness tests differed highly from the tensile
and compression deformation tests. This is because the microhardness test introduces
multiaxial loading to the material; therefore the texture does not have such a
pronounced impact on the resulting measured values. This also confirms the results
of microhardness measurement in different planes after ECAP. Although the texture
development in each plane was significantly different, the development of
microhardness was comparable [166]. The fact that microhardness suppresses the
effect of the texture on the mechanical properties gives us a possibility to evaluate
this measurement in the means of the Hall-Petch relationship. Values attained from
microhardness are linear to the yield tensile strength (14), where

is a constant,

[167, 168] and literature cited herein. Therefore the Hall-Petch relationship could be
simplified as (15), where

and

are constants.

(14)
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(15)

√

Average grain size

was calculated for each sample from a grain size distribution

function attained from EBSD data according to the formulae (16) and (17).
(16)
∑

(17)
Where

is the area fraction of the i-th distribution component and

is the grain

size of the i-th distribution component. This method was chosen as the resulting
average grain size reflects the average grain boundary density in the material. The
resulting evolution of the average grain size of all three investigated alloys is
presented as Fig. 45 and Table 9. The resulting values of the average grain size are
different from the ones presented in chapter 6.2, where the average grain size was
considered to be the maximum value from the grain size distribution; therefore grains
with the highest area fraction.

Fig. 45: Evolution of the average grain size on the increasing number of ECAP passes

Fig. 46 shows the microhardness vs. (grain size)-1/2 plot. One could conclude
that the AE21 and the AE42 alloy have a good agreement with the Hall-Petch
relationship. Therefore, the increase of microhardness in these two alloys was
governed by grain boundary strengthening. The evolution of (micro)hardness after
ECAP following the Hall-Petch relationship was found also in pure magnesium [143]
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or AZ31 [137]. Moreover, the gradient in both alloys was almost the same and
regressions differ only by a constant. This is most probably caused by dispersion
hardening, as the AE42 alloy contains roughly twice the amount of precipitates. In
the LAE442 alloy, the evolution was also linear, with the exception of the
as-extruded state, but the gradient considerably differs from the other two alloys.
Table 9: Evolution of the average grain size on the increasing number of ECAP passes

d [µm]
# of ECAP

AE21

AE42

LAE442

`0P

8.34

6.66

21.00

1P

3.29

1.88

11.29

2P

2.36

1.80

6.04

4P

1.79

1.16

2.59

8P

1.86

1.49

1.90

12P

-

-

1.68

Fig. 46: Microhardness vs. (grain size)-1/2 plot of the AE21, AE42 and LAE442 alloys

The size of microhardness imprints in the extruded state of the LEA442 alloy
was comparable with the grain size. Therefore, the value of microhardness doesn’t
reflect the grain boundary strengthening in this sample and measured microhardness
was lower than expected. The characteristic imprint in the extruded sample is
presented in Fig. 47. The issue with a different gradient is caused by the much higher
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dislocation density in the LAE442 alloy than in the other two. The dislocation
hardening can be expressed by (18) [169].
〈 〉(

(18)
Where

√ )

is the flow stress, 〈 〉 is the average Taylor factor,

is the geometrical factor,

is the shear modulus,

is the athermal stress,

is Burgers vector and

is

dislocation density. This equation could be rewritten as (19), where all constants are
joined together and flow stress is replaced by microhardness.
√

(19)

For mechanical properties affected by the combined effect of grain boundary
hardening and cold working hardening through dislocations, the equations (15) and
(19) are combined together and in a simplified version could be written as (20).
(20)

√

√

Assuming that the grain boundary hardening would have a similar effect as in the
other two alloys and separating the effect of the dislocation density, the following
plot is acquired (Fig. 48). The linear character of the plot proves the combined effect
of grain boundary strengthening and cold working strengthening on the mechanical
properties of the LAE442 alloy.

Fig. 47: Typical microhardness imprint in LAE442 extruded state.

In the AE21 and the AE42 alloy, also the effect of cold working
strengthening through increased dislocation density takes place. A substantial
increase of dislocation density in the AE42 alloy due to processing through ECAP is
depicted in Fig. 30. In [166], the AZ31 alloy was processed similarly with a
dislocation density evolution similar to the AE42 alloy. It was concluded that the
evolution of dislocation density had significant effect on microhardness values;
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however, grain size evolution was not reported in this study. Moreover, in all three
alloys, the effect of dispersion strengthening is also present. Processing through
ECAP leads to secondary phase particles fragmentation, as shown in Fig. 49, and
blocking the dislocation movement, as shown in Fig. 41. However, the linear
character of Fig. 46 and Fig. 48 confirms that in the AE21 and the AE42 alloy, the
major strengthening mechanism is grain boundary strengthening, and in the LAE442
alloy, it is the combined effect of grain boundary strengthening and cold working
strengthening.

Fig. 48: Combined effect of the grain boundary strengthening and the cold working strengthening.
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7.3

Corrosion resistance
As discussed in chapter 1.4.1, there are several parameters strongly affecting

the corrosion resistance of the magnesium alloys. Thermomechanical processing
through ECAP lead to change of all mentioned parameters, particularly: the grain
size, the texture, residual stress, the size and distribution of secondary phases and
dislocation density.
The polarization resistance measured in the initial state (after the extrusion) of
the AE21 alloy was significantly lower than that of the AE42 alloy. The
thermomechanical processing through ECAP led to substantial grain refinement in
both alloys together with the new texture formation and substantial redistribution of
the secondary phases. This had almost no effect on the corrosion resistance of the
AE21 alloy but a gradual increase of the polarization resistance was observed in the
AE42 alloy. As the grain size before and after the ECAP processing was nearly the
same in both alloys, the different evolution of the corrosion resistance after eight
passes through ECAP was caused namely by different chemical composition.
Aluminum and also rare earths are not homogeneously distributed in the matrix but
form secondary phases - dispersoids. The AE42 alloy contains a roughly two times
higher concentration of dispersed particles. The particles in the extruded specimens
were concentrated in stripes created during the extrusion. As a result of ECAP, the
particles were fragmented into the smaller pieces and the stripe structure was partly
disturbed resulting in the occurrence of the particles also between the stripes. This is
depicted in Fig. 49, where a comparison of secondary phases distribution (black
particles) between the extruded sample and the 8P sample is presented.
a)

a)

Fig. 49: Cross-section of a) AE42-E and b) AE42-8P (SEM-BSE, inverted).
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In Fig. 50, the layer of corrosion products created on the AE42 magnesium
alloy after seven days of immersion in a 0.1 M NaCl solution is shown. Aluminum is
dissolved during the corrosion process and built in the layer of corrosion products.
No evidence of rare earths dissolution was observed. The layer created in magnesium
at these conditions is porous Mg(OH)2/MgO. Aluminum oxides, built in this layer,
cause its stabilization. The layer becomes stiffer and less porous, therefore a thicker
insulating layer created on the surface results in a more corrosion resistant material.
The beneficial effect of aluminum on the corrosion resistance reported in other
studies was discussed in chapter 1.4.1.1 and most probably causes increased
corrosion resistance also in the AE42 alloy (containing roughly twice as much of the
alloying elements as AE21 alloy).The effect of the enriched corrosion product layer
on better corrosion properties was also found in other materials, e.g. weathering
steels with copper addition, where copper forms basic low-soluble sulfates and
precipitates within the pores of the rust, thereby decreasing the porosity [170].
a)

b)

c)

Fig. 50: Cross-section of the AE42-8P corrosion layer created after seven days immersion
a) secondary electrons, b) Al map, c) Ce map (SEM, EDX)

85

After the extrusion, the dispersoids are cumulated in the stripes and the effect
of alloying elements on the corrosion layer is only local within the stripes. The
ECAP process enhances the distribution of alloying elements throughout the
material. Secondary particles become smaller and more homogeneously distributed,
therefore better spatial distribution leads to a better stabilization of the layer. The
concentration of alloying elements positively influencing the corrosion behavior of
the alloy should be sufficiently high to enhance the resulting corrosion resistance. In
AE21, the corrosion resistance after ECAP is comparable to the as extruded state
despite the better distribution of the alloying elements. However, there were not any
signs of a rapid decrease of the corrosion resistance due to higher surface fraction of
crystal defects, as observed e.g. in [79]. Therefore, the balance of positive and
negative effects of the thermomechanical processing on the corrosion resistance was
found in this alloy. In AE42, when the concentration of alloying elements is high
enough, the spatial distribution of alloying elements is better after eight passes and
overwhelms the effect of the smaller grain size. In other words, a smaller grain size
results in a more rapid formation of the layer which is stabilized by the aluminum
present in the dispersed particles. Consequently, in the fine-grain state (after ECAP),
the total corrosion resistance increased more in the AE42 alloy than in AE21.
In the extruded sample of the LAE442 alloy, higher polarization resistance
was found than in the AE42 alloy. Lithium is more chemically active than
magnesium and therefore alloying by lithium was found to cause deterioration of
corrosion resistance [171, 172]. On the other hand, the presence of calcium in the
alloy caused Al2Ca phases formation, which resulted in more homogeneous
distribution of aluminum in the matrix. Together with a much bigger average grain
size, it could have resulted in measuring of a higher polarization resistance.
Thermomechanical processing through ECAP led to an increase of the polarization
resistance, as observed also in the AE42 alloy. However, a much higher difference
between the extruded sample and the sample after the final stage of
thermomechanical processing was found. Also in this alloy, the combined effect of
smaller grain size and better distribution of aluminum is considered to result in the
corrosion resistance increase. Moreover, the corrosion process in this alloy is
supplemented by the reaction of lithium as shown in Fig. 51. The difference in
corrosion layer morphology between the AE42 and LAE442 alloys was observed in
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detail. In case of AE42, the layer is formed by Mg(OH)2 with characteristic flake-like
structure, as is visible in Fig. 51a) [173]. No difference between SE and BSE signal
in SEM could be seen. On the other hand, in the LAE442 alloy, the flake-like
structures are no more dominant and much smoother surface (beside cracks) was
found in SE signal. The BSE signal shows the different character of the corrosion
layer due to the formation of lithium oxides that are “invisible” in BSE signal, as
depicted in Fig. 51d). Anyway, the effect of lithium oxides deposition in the
corrosion layer was not yet reported; therefore, more data need to be acquired for it
to be better understood.
a)

b)

c)

d)

Fig. 51: Detail of the corrosion layer formed on a) AE42-E (SEM,SE), b) AE42-E (SEM, BSE),
c) LAE442-E (SEM, SE) and d) LAE442-E (SEM, BSE)

An increase of corrosion resistance was observed also in magnesium alloys
without aluminum addition. In Mg-3Nd-3Y, a substantial increase of corrosion
resistance with decrease of grain size was found [61]. There are also reports
discussing the effect of grain size on the corrosion resistance in pure magnesium. In
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[174], an increase of corrosion resistance was presented after ECAP processing, but a
similar study showed deterioration of corrosion resistance [79]. Also other studies
show the positive effect of fine-grain structure on the corrosion resistance of pure
magnesium [175, 176]. In [174], it was proposed that the main reason of the positive
effect of fine-grained structure is a more coherent oxide/hydroxide layer formation.
The stiff corrosion layer forms a natural barrier for the corrosion process
because it limits electrons and ions exchange on the metal/solution interface. A
Substantially lower surface fraction of cracks in the corrosion layer was observed in
the samples after the final stage of thermomechanical processing in the AE42 and
LAE442 alloys, as shown in Fig. 33. This suggests that the protective function of
corrosion layers is enhanced by ECAP processing. High compression stresses within
the oxide layer cause cracking due to the geometrical mismatch between the
magnesium matrix and the oxide [177]. The introduction of large volume fractions of
grain boundaries could compensate this effect, resulting in the formation of an
oxide/hydroxide with better coherency, and therefore an improved corrosion
response [174]. In the investigated alloys, extrusion led to an increase of the residual
internal stress, which promotes geometrical mismatch between the matrix and the
oxide/hydroxide layer. Dynamic recrystallization due to the processing through
ECAP might substantially release this stress and therefore less cracks in the
corrosion layer were observed. It was observed that the tendency to stress corrosion
cracking was substantially reduced after complete dynamic recrystallization in the
ZE41A alloy [57].
The increase of the corrosion potential after ECAP processing in all three
alloys was within 50 mV. It was determined that such shift could occur in
magnesium alloys in early stages of the corrosion process and saturated values of
should be measured after 20-25 min of stabilization [178]. This suggests that,
from a thermodynamic point of view, the processing through ECAP led to the
formation of a microstructure with similar behavior. Anyway, in all alloys, a positive
shift of the corrosion potential was observed. A positive shift with a grain size
decrease was observed also in other magnesium alloys. Here, the samples were
measured in a more concentrated solution (3.5 wt. % NaCl) and the resulting increase
of

was much higher [57, 61]. The increase of

indicates a better

thermodynamic ability of refined microstructure to resist corrosion.
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In Evans diagrams (Fig. 31), it was observed that layers of different
passivation capability have formed on the investigated alloys. Such layer forms in the
anodic part of the measurement and causes a decrease of the corrosion current
density until it fails (

) and corrosion current density rapidly increases. This is

visible in Fig. 52, where in AE21, an almost continuous increase of corrosion current
density is measured, in AE42, the breakdown potential is not well-defined but more
pronounced, and in LAE442, a well-defined breakdown potential was observed.
Moreover, in the AE21 and the AE42 alloy, no evolution of the passive region
, respectively, was observed within the frame of the measurement error. In
the LAE442 alloy, a significant decrease of passive region width was observed.
Therefore, the protective film was continuously losing its corrosion stability with the
increasing number of ECAP passes. A similar decrease after ECAP was observed in
the AZ31 alloy where it was attributed to the higher porosity of the protective layer
caused by the higher number of nucleation places in the fine-grained material [179].

Fig. 52: Normalized Evans diagrams of the extruded states of all three investigated alloys.

In chapter 1.4.1, the effect of dislocation density and texture on the corrosion
resistance of magnesium alloys was also discussed. A substantial increase of
dislocation density was found after first pass through ECAP in the AE42 and the
LAE442 alloy and a continuous decrease with subsequent passes. However, in both
alloys, a continuous increase of polarization resistance was found. The decrease of
polarization resistance in the AE42-1P sample is within the range of a statistical error
and therefore it can’t be attributed to the increase of dislocation density. Therefore, it
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seems that the effect of dislocation density on the corrosion resistance after
processing through ECAP was minor in investigated alloys when compared to other
effects. A significant evolution of texture was found with the increasing number of
ECAP passes in all three investigated alloys. In the AE21 and the AE42 alloy, a
suppression of fiber texture by a texture with basal planes rotated by ~45 ° from the
processing direction was observed. This could have led to an increase of the
corrosion resistance according to [58–60]. In the LAE442 alloy, such pronounced
formation of the new texture element after the final stage of thermoemcahnical
processing was not observed and most of the basal planes were still oriented
perpendicular to the surface, therefore in a favorable orientation for corrosion.
However, because of several features affecting the resulting corrosion properties
together, the effects of dislocation density and texture can’t be separated.
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8

Conclusions
The presented work was focused on the characterization of the

microstructure, mechanical properties and corrosion properties development, after
thermomechanical processing through ECAP, in three magnesium alloys with
potential for biomedicine (AE21, AE42, LAE442). In all three alloys, fine-grained
microstructure was achieved after eight passes (AE21, AE42) or twelve passes
(LAE442) through ECAP. The thermomechanical processing had significant effect
on all studied parameters and the results can be summarized as follows:
Microstructure


Significant grain refinement was found in all three investigated alloys due to
the processing through ECAP. The average grain size after ECAP was
~1.5 µm in all three alloys.



Dynamic recrystallization resulted in high length fraction of high angle
boundaries in all three alloys (~0.8).



It was found that a different c/a ratio lead to different texture evolution in
magnesium alloys processed by ECAP, as different slip systems are
preferably activated.



Formation of the new texture element (~45 ° inclined from the processing
direction) was observed in all tree alloys, however in the LAE442 alloy even
stronger texture developed. A much stronger texture was formed by grains
with basal planes perpendicular to the processing direction.

Mechanical properties


Evolution of the yield stress measured in tension and compression was
significantly affected by grain refinement and texture evolution. Moreover,
softening due to the texture evolution overwhelmed grain refinement
strengthening. This caused deterioration of mechanical strength in tension
and compression after a certain level of texture formation.



In LAE442, the mechanism of fracture changed after ECAP, which improved
the elongation to fracture. The intergranular fracture before ECAP was most
probably caused by calcium segregation in grain boundaries.
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Microhardness measurements showed good agreement with the Hall-Petch
relationship in all three alloys. In the LAE442 alloy, a combined effect of
grain boundary strengthening and work hardening due to substantially higher
dislocation density was found.

Corrosion properties


Thermomechanical processing through ECAP had almost no effect on the
corrosion resistance of the AE21 alloy. On the other hand, in the AE42 and
the LAE442, an increase of corrosion resistance with increasing number of
ECAP passes was measured



The investigation of the corrosion products layer by EDX showed deposition
of aluminum in the layer during the corrosion process. Moreover, in LAE442,
deposition of lithium in the corrosion layer was also observed by SEM.



SEM observation proved a high concentration of the Al11RE3 particles in the
stripe-like structure created by the extrusion and the disruption of this
structure after the ECAP processing in all three alloys.



EBSD measurements showed a similar evolution of grain sizes in the AE21
and the AE42 alloy. The LAE442 alloy was formed after extrusion by larger
grains but after the final stage of thermomechanical processing, the grain
sizes of all three alloys were similar.



In the AE42 and LAE442 alloys, better distribution of Al containing
dispersed particles resulted in better corrosion resistance of the fine-grained
microstructure when compared to the extruded material. The same corrosion
resistance in the AE21 alloy after ECAP is caused by the lower amount of
aluminum in the matrix. Higher surface concentration of crystal defects due
to the grain refinement had only limited effect on the corrosion resistance. It
could be said that smaller grain size resulted in more rapid formation of the
layer which was stabilized by the aluminum present in the dispersed particles.



One week of immersion showed absolutely inadequate corrosion resistance in
AE21 alloy, when it almost completely dissolved. In the AE42 and the
LAE442, cracking of the corrosion layer was significantly lower in samples
after processing through ECAP. Therefore, the protective function of the
corrosion layer was enhanced through ECAP. However, in early stages of the
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LAE442 alloy corrosion, a decrease of breakdown potential after ECAP was
found. This suggests that the protective character of the corrosion layer is
reduced in early stages of the corrosion process.
It has been shown that processing through ECAP can increase corrosion
resistance in the AE42 and LAE442 alloys. However, these results still have to be
confirmed in the experiments in vivo, since the in vitro test can bring antipodal
results as it has been demonstrated in [98] where three different alloys were studied
in vivo and the alloy which had the best results afterwards ended up as the worst in
the in vitro tests. Nevertheless, we can be rather optimistic regarding the in vivo
behavior, since the ECAP process only affects microstructure, not the composition of
the material, and a deterioration of the corrosion properties in vivo after the ECAP
processing is thus very improbable.
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